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ABSTRACT 
MULTI-LAYER PERIODIC SURFACES AND METASURFACES FOR HIGH-GAIN 
ANTENNAS 
KONSTANTINOS KONSTANTINIDIS 
Doctorate of Philosophy 
School of Electronic, Electrical and Systems Engineering 
University of Birmingham 
 
Novel highly-directive Fabry-Perot (FP) type antennas with significantly enhanced bandwidth 
performance based on periodic metasurfaces are presented in this thesis. The proposed 
antennas are formed by multiple layers of periodic surfaces and metasurfaces placed over a 
ground plane and a low directivity primary source. Initially, multi-layer FP antennas of half 
wavelength air cavities are investigated as an effort to achieve broadband highly-directive 
response and generalize the concept of the directivity-bandwidth product enhancement by 
adding appropriately designed Partially Reflective Surface (PRS) layers in FP type antennas. 
Subsequently, the limitations of this technique are investigated by studying the dispersion 
characteristics of the modes supported in multi-layer FP Leaky-Wave Antenna (LWAs), 
providing a full interpretation of the operation of multi-layer Fabry-Perot LWAs. Moreover, a 
new concept of designing sub-wavelength profile multi-layer FP antennas by replacing the 
conventional PRSs with optimized composite metasurfaces is proposed outperforming 
previous designs of the same profile. Finally, a FP antenna operating at sub-millimetre wave 
frequencies is designed and presented based on micromachined fully metalized SU8 at around 
300GHz. An in-house fabrication process is employed for the implementation of a prototype 
and measurement results are also presented in this thesis. This work offers an interesting new 
solution for planar high-gain low cost antennas for such high frequencies.  
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CHAPTER 1  
INTRODUCTION 
 
1.1 BACKGROUND AND OBJECTIVES  
1.1.1 High-Gain Antennas 
Gain is a figure of merit that describes the ability of an antenna to radiate efficiently the input 
energy through space [1-3]. Consequently, modern communication systems have increasing 
demands of high gain antennas to enhance the overall system gain and the signal to noise ratio 
(SNR). Moreover, to obtain precise signal targeting between two communication devices, 
complying with standard protocols, it is necessary to use directional antennas enabling line of 
sight (LOS) transmission. Directional antennas reduce signal interference by sending fewer 
signals from/to a direction other than the main beam.  
Different implementations of high gain antennas have been extensively studied over the past 
years. A brief review of general antenna types will be presented below. The antenna’s gain is 
directly related to its radiation aperture size, i.e. the larger the effective area is, the narrower 
the beamwidth which is translated to high directivity values due to the inverse relationship of 
directivity and beamwidth. This implies that typically, high gain antennas are electrically 
large [1].   
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Fig.1.1.1 Parabolic satellite communication antenna in Raisting, Bavaria, Germany (courtesy: 
Richard Bartz). 
Parabolic reflector antennas (Fig. 1.1.1) are used as high gain antennas for point-to-point 
communications and satellite communications. As their name indicates they are formed by a 
parabolic “dish”, and an external feed antenna. Their operation is based on reflecting in phase 
the waves emerging from the feed antenna which is placed at the focus point of the reflector. 
Although their performance is broadband since it is not related to resonant elements [2], their 
disadvantages are their large size and the external feeding mechanism. The same mechanism 
describes the operation of lens antennas (Fig. 1.1.2). The difference lies in the degrees of 
freedom, which number four in the case of lenses while there is just one for the reflector 
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antenna [2, 3]. One of the advantages of a lens antenna over a parabolic antenna is the ability 
to steer the radiated beam by moving the external feed, due to the spherical symmetry of the 
lens, avoiding rotating the whole antenna. Nevertheless, it still requires mechanical steering, it 
is bulky and fed externally. A good candidate for the primary source for parabolic reflector 
antennas and lenses are horn antennas (Fig. 1.1.3). They are characterized by a broadband 
operation since they don’t have resonant elements and high gain is possible by increasing 
their size [2]. Electronically steerable beams can be obtained from a phased array (Fig. 
1.1.4). It consists of a network of radiating elements arranged on a support. Each element is 
individually fed. Controlling the amplitude and phase of each element will result in a desired 
radiation beam shape and angle. However, the cost of a phased array antenna its high, due to 
the phase controller and power amplifier required for each antenna element [2]. In Fig.1.1.4, a 
phased array reconfigures the beam pointing direction during operation to monitor targets 
over a wide area of the sky.  
 
Fig.1.1.2 Luneburg lens antenna (courtesy: Rozendal Associates Inc.). 
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Fig. 1.1.3 This horn antenna was built in 1959 at Bell Telephone Laboratories for pioneering 
work in communication satellites for NASA at Holmdel, New Jersey (courtesy: Great Images 
in NASA). 
 
Fig. 1.1.4 Phased array inter-continental missile detection radar (courtesy: Alaska District). 
5 
 
Reflectarrays (Fig. 1.1.5) consist of a planar reflecting surface patterned with an array of 
elements illuminated by an external feed. Control of the elements’ reflection phase provides a 
control of the reflected radiation pattern [4, 5]. One of the main advantages of reflectarrays is 
the reconfigurability of the elements which in turn results in a dynamic steering of the 
reflected beam. This could be achieved using tunable components such as diodes [6] or 
MEMS [7] or tunable substrates such as liquid crystals [8] or ferroelectric/ferromagnetic 
materials [9]. Although they offer the advantage of simplicity and they are less bulky than 
reflectors and lens antennas, they have narrowband performance related to their inherit 
resonance based operation.  
 
Fig.1.1.5 Printed reflectarray antenna (courtesy: TICRA). 
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Furthermore, there has been a strong demand over the last years for high gain, highly efficient 
and low profile planar antennas working up to millimetre wave frequencies.  Potential 
applications include wireless local area networks (WLAN), mobile communication systems 
and satellite communications. Microstrip patch arrays have been actively used in recent 
years for applications such as satellite communications due to their low profile, light weight 
and low cost. However, their complicated feeding mechanisms led to low efficiency, low gain 
and pattern deterioration due to their high resistive losses and spurious feed radiation [10-12]. 
Slotted waveguide arrays are a good alternative for high gain and highly efficient planar 
antennas. Several types have been proposed by Ando et al.[13, 14], with Radial Line Slot 
Arrays (RLSA) being one of them. They are available commercially in the 12GHz band for 
direct broadcast from a satellite (DBS) [15].  However the high manufacturing cost at 
millimetre wave frequencies and the necessity of perfect flatness of the plates are major 
disadvantages.  
Fabry-Perot (FP) type Leaky-Wave Antennas (LWAs) employing doubly periodic arrays 
of conducting elements, or apertures in a conducting sheet, have been investigated in recent 
years [16-18], as they provide high-gain, high efficiency and a simple feeding network. Their 
name is derived from the classical Fabry-Perot interferometer which is widely used in optics. 
The latter is based on multiple reflections of waves between two parallel reflecting surfaces 
placed in close proximity creating a resonant cavity [19]. This optical resonant cavity exhibits 
sharp resonances at discrete frequencies, and thus behaves as narrowband frequency filter. FP 
LWAs consist of a metallic or metallo-dielectric periodic array placed at approximately half 
wavelength distance over a metallic ground plane and a low-directivity primary source (e.g. 
dipole).  The passive array acts as a Partially Reflective Surface (PRS), [16-18], creating a 
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Fabry-Perot type resonant cavity that significantly increases the gain and directivity of the 
primary source.  
2/~h
ground plane
source
substrate
PRS
 
Fig. 1.1.6 Schematic diagram of a PRS LWA. 
The concept of FP antennas was first demonstrated by Trentini who studied how several types 
of PRSs can increase the directivity of a waveguide aperture in the ground plane. He was also 
the first to employ a ray optics approximation to describe the antenna operation by means of 
the multiple reflections between the ground plane and the PRS [16]. The operating frequency 
is defined by the cavity distance which is typically half-wavelength in order to achieve 
constructive interference of the waves bounced between the PRS and the ground. Later, 
different configurations were proposed employing one or more dielectric layers with different 
dielectric constants and thicknesses replacing the PRS layer [20-23]. Since the operation of 
these antennas is based on the reflection characteristics of the PRS, high dielectric constant 
values were chosen to achieve high reflectivity values. However, a large number of layers is 
necessary in order to obtain comparable directivity values with the conventional PRS antenna. 
Other implementations were investigated over the last few years comprising periodic PRSs 
with different geometries [17, 24-26]. Moreover, a leaky-wave approach has also been 
successfully employed in order to analyse and design this type of antennas. This is due to the 
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partial electromagnetic transparency of the PRS at frequencies near the resonance which 
causes a Leaky Wave (LW) action [27].  
The reduction of the profile of FP type antennas has also been studied extensively, by 
replacing the ground plane with a new type of surface, named Artificial Magnetic Conductors 
(AMC) (see section 1.1.2). Their key property is that they reflect electromagnetic waves with 
zero phase shift at a specific frequency. This property has been exploited in [28-31] where 
quarter wavelength profile highly directive antennas have been presented. In both half-
wavelength and sub-wavelength implementations based on a FP resonant cavity, the 
directivity performance of a primary source increases when placed in the middle of the cavity. 
However this leads inherently to a narrow operational bandwidth.  
Modern wireless communication systems require highly directive antennas with a wide 
operational frequency range due to the increase in demand for data capacity. Therefore, the 
design of broadband high gain FP LWAs remains an important challenge. Over the last few 
years, several authors have proposed different techniques to improve the bandwidth of these 
antennas. In [32-34] an array of multiple sources was employed replacing the single feed in 
the ground plane, in order to increase the radiating aperture of the antenna. This led to an 
increase of the bandwidth for a fixed gain value and therefore an increase of the gain-
bandwidth product. More recently, a technique for bandwidth improvement was introduced 
[35], using the coupling between two PRSs of dissimilar array dimensions. This design 
exploited the different reflectivity values of the PRS layers to obtain a positive reflection 
phase gradient that satisfied the resonance condition of the antenna cavity for a certain 
frequency range. The proposed technique led to a double layer PRS design with half-
wavelength separation between the PRSs and the ground plane, achieving a significant 
bandwidth enhancement compared to a single layer FP PRS antenna. The technique was 
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further investigated in more recent work employing different configurations [36-38]. In [36] a 
double-layer square ring geometry was presented obtaining an increasing phase. In [37] a 
positive phase gradient was achieved employing dipoles printed on both sides of a dielectric 
substrate. Finally, design guidelines to tailor the antenna bandwidth and directivity of two 
metallodielectric arrays over a ground plane were presented in [38]. In all the above cases the 
antenna radiation bandwidth was enhanced.  
1.1.2 Periodic Structures 
Frequency Selective Surfaces (FSS) have been subject of extensive work from the beginning 
of the twentieth century [39]. Their study increased exponentially due to the potential for 
military applications [40-46]. The versatility of these surfaces is wide due to dependence of 
their reflection and transmission coefficients on the frequency of operation, polarization and 
angle of incidence [46, 47].  FSS have been applied in many areas such as quasi optical beam 
splitters [48], dual or multi-banding Cassegrain reflectors [49], metallic radomes [50], phase 
screens for beam steering [51], dual-band arrays [52] and absorbers [53]. FSS are two 
dimensional (2-D) periodic arrays of metallic elements or apertures that exhibit stop-band and 
pass-band characteristics when excited by an electromagnetic wave at an angle arbitrary to the 
plane of the array. They exhibit total reflection (patch FSS) or total transmission (aperture 
FSS) at the resonant frequency and act as Partially Reflective Surfaces (PRS) at frequencies 
near the resonance. 
Artificial Magnetic Conductors (AMC) are as indicated from their name, engineered 
metamaterial surfaces that in a specific frequency range act as Perfect Magnetic Conductors 
(PMC), i.e. they reflect incident waves in phase resulting in no tangential component of the 
magnetic field. This type of structure was first introduced by Sievenpiper [54], which 
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employed 2D periodic arrays of mushroom type elements on a grounded dielectric substrate. 
These elements are essentially metallic patches printed on the substrate and connected with 
vias to the ground. Later, in [28] it was proven that simpler designs could be implemented 
achieving the AMC response without the need of vias.  
h
PEC
PRS
01
source
 
Fig. 1.1.7 Resonant cavity formed by PEC and PRS with the excitation outside the cavity. 
The basic principle of the AMC operation can be described using ray optics theory. If a 2D 
periodic array of metallic elements is considered, placed at a distance h from a ground plane 
as shown in Fig. 1.1.7, then in order to obtain an AMC response, the direct and reflected rays 
should be in phase, i.e. the resonance condition (1.1-1) must be satisfied. This is obtained for 
the appropriate values of the transmission phase of the PRS surface T  and the cavity distance 
h for a specific frequency.  



 NhT 22
2
201  ,    N=0, 1, 2....                                                          (1.1-1) 
Thus, as explained above, for a specific frequency these types of structures exhibit a reflection 
phase of zero acting as an Artificial Magnetic Conductor (AMC), but they can also be 
operated at various reflection phase values giving an engineered impedance. In this case they 
are called Artificial Impedance Surfaces (AIS) which are useful for different applications. 
They can be applied as ground planes in printed [54] or in cavity antennas for profile 
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reduction [28, 29] as mentioned in the previous section, but they have also been employed for 
their phase shifting properties in applications such as reflectarrays [4], polarisation converters 
[55], holographic surfaces [56] etc. 
1.1.3 Metasurfaces 
Over the past years metamaterials have been the subject of extensive study due to their 
extraordinary electromagnetic properties. They are engineered materials synthesized by a 
periodic arrangement of elements and offer great flexibility for manipulating their 
electromagnetic and optical properties such as their effective refractive index. Metasurfaces 
[57, 58] are a 2D implementation of metamaterial structures, typically created by arrays of 
sub-wavelength scatterers. Compared to 3D metamaterials, they have the advantage of 
occupying less physical area and thus offer the possibility of lower loss structures. As they are 
composed of elements whose size and periodicity are smaller than the wavelength, they can 
be considered as a homogeneous material with an effective permittivity and permeability. 
Knowledge of these constitutive parameters can give information of the macroscopic 
behaviour of the metasurfaces.  
Different types of metamaterials have been investigated, achieving properties not available in 
nature such as negative refractive index or near zero index. Negative-index materials (NIM) 
have been realised and experimentally demonstrated [59, 60]. Metamaterials of this type, 
exhibit simultaneously negative effective permittivity and effective permeability over a 
frequency range. More recently, numerous reports have appeared for metamaterials with near-
zero refractive index (NZI) [61] and epsilon-near-zero (ENZ) [62, 63] for visible and infrared 
wavelengths. Electromagnetic waves inside such materials experience no spatial phase change 
and extremely large phase velocity. Near-zero refractive index materials can be obtained from 
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three possible combinations of electric permittivity and magnetic permeability values. The 
first case occurs when the permittivity approaches zero, resulting in high effective impedance 
values and a reflection coefficient close to +1. This means that the incident and reflected 
waves are in phase. The second case is obtained when the permeability approaches zero, 
which implies that the material acts as a Perfect Electric Conductor (PEC) with a reflection 
coefficient close to -1. Finally, in the third case, both the permittivity and the permeability of 
the structure are close to zero. This means that the metamaterial is matched to free space for 
the NZI frequency region. These unique properties pave the way for a number of applications 
such as cloaking [64-66], super-reflection [67], tunnelling [68-70] and funnelling [71].  
1.2 MOTIVATIONS AND OBJECTIVES 
In the previous section, we have presented a brief overview of different types of high gain 
antennas, an introduction to leaky wave antennas and periodic surfaces and a brief 
background on metasurfaces. The focus of this PhD thesis is to study the use of periodic 
metasurfaces in the design of novel highly-directive Fabry Perot type antennas with 
significantly enhanced bandwidth performance. As mentioned previously, these antennas 
offer numerous advantages over other antenna types. They are planar and easy to fabricate. 
They are characterized by a simple feeding mechanism, high directivity and efficient 
performance, but they suffer from a narrow bandwidth. A significant amount of work has 
been conducted in the field of FP LWAs so far towards two goals: the increase of the 
radiation bandwidth and the reduction of the profile. It has been shown [51] that by adding an 
extra layer and therefore creating a double-layer FP antenna the bandwidth could be 
significantly improved. Although extensive work had already been done for double layer 
configurations, there was no study in the literature about the possibility of using additional 
layers to further increase the bandwidth which would lead to a generalization of the concept. 
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For this reason, one of the objectives of this thesis was to explore the possibility of 
creating multiple PRS layers FP antennas and thereby generalize the bandwidth 
enhancement concept. The introduction of multiple layers of PRS implies extra complexity, 
more design parameters and increase of the computational time in design work. Efficient tools 
were used to analyse and estimate the antenna performance reducing the computational time. 
Among these tools were the periodic analysis using ray optics and reciprocity, and an 
equivalent circuit approach. Additionally, in this dissertation the limitations of this 
technique will be presented, these were determined by studying the dispersion 
characteristics of the modes supported in multi-layer FP LWAs. The implementation of 
multi-layer FP antennas addresses the issue of inherent narrow band performance but at the 
expense of increasing the antenna profile. In an effort to achieve improved bandwidth 
performance while keeping a low antenna profile, a new concept of designing sub-
wavelength profile multi-layer FP antennas by replacing the conventional PRSs with 
optimized composite metasurfaces was introduced. All these designs were implemented to 
operate at frequencies around 15GHz as a proof of concept. Finally, as a last step of this 
thesis, a first report of FP antenna operating at submillimetre wave frequencies is 
presented. The FP antenna was based on micromachined fully metalized SU8 at around 
300GHz. An in-house fabrication process was employed imposing several design 
considerations which make this antenna different to the lower frequency prototypes reported 
in the literature. Finally the design incorporates two back to back H bends to facilitate the 
interconnection with a waveguide flange. This work offers an interesting new solution for 
planar high-gain low cost antennas for such high frequencies. 
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1.3 OUTLINE OF CHAPTERS 
This thesis deals with the analysis and design of planar periodic surfaces and metasurfaces for 
broadband and directive emission at millimetre and sub-millimetre wave frequencies. A brief 
introduction of high gain antennas as well as their advantages and disadvantages has been 
given. The aim of this research is highlighted and the concept of increasing the radiation 
bandwidth by incorporating additional layers was mentioned.  
The rest of the dissertation is structured in six further chapters as follows: 
In Chapter 2, the theoretical background of the thesis is presented. Different analysis tools 
used to design the proposed antenna structures are described. These include a ray optics 
approach, periodic analysis, dispersion analysis for leaky wave antennas and reciprocity. The 
ray optics approach gives an estimation of the directivity performance calculating the 
reflection characteristics of the proposed PRS structures under normal plane wave incidence 
assuming an infinite structure. Periodic full wave analysis is used to reduce the calculations 
from the infinite structure to the analysis of a single unit cell. Moreover, a leaky wave 
analysis together with reciprocity is presented. This provides a better insight of the function of 
the antennas and valuable design guidelines by estimating the antennas’ performance. Finally, 
a different approach to characterize sub-wavelength profile metasurfaces is described based 
on a retrieval parameter extraction method. This gives information about the metamaterial 
nature of these structures by calculating their effective constitutive parameters. 
In Chapter 3, initially a FP LWA with double-layer PRS is studied. An optimization is 
performed extracting the reflection coefficients of the double-layer PRS for high gain and 
broadband performance. Later, we present for the first time the design and implementation of 
a three-layer PRS for enhancement of the directivity – bandwidth (BW) product of FP 
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antennas and thereby generalize the concept of broadband FP antennas with multiple PRS 
layers. The three-layer PRS is studied and optimized to produce a reflection phase increasing 
with frequency over a wide range by virtue of the resonances of the two cavities formed 
between the three PRSs. In addition we present a simple equivalent circuit model for the 
design of the proposed multi-layer PRSs. A novel three-layer FP antenna has been designed 
achieving broadband high gain performance. This antenna outperforms previous antenna 
designs based on two-layer PRSs. Initially, a simple waveguide-fed slot was used as a primary 
source. Subsequently, an alternative feeding technique was investigated achieving improved 
matching and increase of the directivity through microstrip-line-fed slots. Antenna prototypes 
are designed for frequencies around 15GHz to validate their performance and characteristics. 
Two prototypes have been fabricated and measured for both feeding techniques validating the 
expected simulation results.   
In Chapter 4, we study the dispersion characteristics of broadband periodic multilayer FP 
antennas employing full wave analysis tools. Initially, reciprocity is applied to estimate the far 
field radiation patterns of the antennas by measuring the electric field strength in the middle 
of the first cavity upon a plane wave illumination. Then a dipole source is used to excite the 
cavity modes and extract the complex propagation constant of the leaky modes. In both cases 
periodic boundary conditions are applied to reduce the calculations. Moreover, a simple and 
rigorous analysis procedure combining array theory and reciprocity validates the leaky-mode 
propagation constant values derived from the full wave simulations. Finally, finite size 
antennas based on the results of the periodic analysis are presented achieving a broadband 
directivity response. This dispersion analysis technique that is carried out for multi-layer FP 
LWAs reveals the limitations in these antennas in terms of performance through the extraction 
of the leaky modes. 
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In Chapter 5, a new concept for designing sub-wavelength profile and broadband high-gain 
leaky-wave antennas is introduced. This design technique allows for the implementation of 
broadband antennas with profiles of less than half wavelength. Initially, two double-layer 
periodic arrays of dissimilar dimensions are designed, each double-layer array consisting of 
an Artificial Magnetic Conductor (AMC) and a PRS printed on either side of a dielectric 
substrate. They are placed a quarter wavelength from a ground plane and from each other. 
Thus, two air cavities are created with a total profile of half wavelength, with a dipole, placed 
in the middle of the first cavity, used as a primary source. This antenna outperforms the 
design of a conventional one-layer FP antenna with λ/2 profile, in respect to both size and 
directivity-bandwidth performance. Furthermore, this concept is extended to achieve further 
profile reduction.  A different approach to characterize this type of structures is through the 
retrieval parameter extraction. We propose multiple layers of closely spaced metasurfaces 
designed to manipulate the constitutive parameters of the effective metamaterial. The retrieval 
parameters are extracted using the reflection and transmission characteristics of the 
metasurfaces demonstrating a broadband ε-near zero (ENZ) effect.  
In Chapter 6, we extend the FP type antenna concept into the Terahertz spectrum. The chapter 
begins with a brief introduction of the applications at sub-millimetre wavelengths. A review 
of the most promising micromachining fabrication techniques follows. The in-house SU-8 
micromachining process is explained. A planar highly-directive and highly-efficient THz 
antenna based on novel cost-efficient micromachining of metalized polymer SU8, is designed. 
The absence of dielectric substrates and the creation of air cavities lead to significant increase 
in the antenna efficiency and gain. An antenna prototype operating at 267GHz has been 
fabricated using a multiple-layer metal coated SU8 substrate incorporating a waveguide H-
bend. Moreover, measurements of the antenna’s performance were performed and are 
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presented. Further improvements of the proposed antenna design, including a broadband 
matching technique and beam-steering application are introduced. Finally, design 
considerations for a broadband FP antenna based on multiple micromachined metalized SU-8 
polymer layers operating at 300GHz are presented.  
Finally, in Chapter 7 we present the main conclusions and achievements of this dissertation. 
Guidelines for future work will be proposed as well. 
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CHAPTER 2 
THEORETICAL BACKGROUND 
 
This chapter covers all the theoretical approaches used for the design of the proposed antenna 
structures throughout this thesis. Initially, a geometric optics analysis is used to describe the 
multiple reflections between the PRS and the ground plane and give an estimation of the 
directivity performance calculating the reflection characteristics of the proposed PRS 
structures under normal plane wave incidence assuming an infinite structure. In section 2.2, 
periodic full wave analysis is described which is based on Floquet theorem and is employed 
by the simulation software to reduce the calculations from an infinite structure into the 
analysis of a single unit cell. This will result in a good approximation for the performance of 
the proposed periodic structures and significantly decrease the computational time. Section 
2.3 is focused on leaky wave theory and its implementation on FP antennas. The leaky-wave 
approach, together with reciprocity which is also explained in this section, will provide a 
better insight into the function of the antennas and valuable design guidelines by estimating 
the antennas’ performance. Finally, in section 2.4 a different approach to characterize sub-
wavelength profile metasurfaces is described based on a retrieval parameter extraction 
method. This method will be utilized to obtain the constitutive parameters of these 
metasurfaces taking into account both isotropic and anisotropic cases. 
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2.1 RAY OPTICS 
A geometrical optics (or ray optics) approach has been used to describe mathematically the 
operation of FP antennas. It is adopted to describe the ray paths between transmitting and 
reflecting rays [1]. This approximate method assumes an infinite extent of the structure and 
thus is not taking into account diffraction effects while it also ignores higher order mode 
coupling. The approach was first presented by Trentini [2], where he has shown how adding 
various types of partially reflective sheets placed in front of the reflecting screen can increase 
the directivity and gain of a waveguide aperture. 
Let’s assume the simple case when we have a single layer PRS placed at a distance h in front 
of completely reflective plane. The same concept can be applied for the case when we have 
multiple PRSs printed on dielectric substrates and superimposed over a ground plane. The 
PRS and the ground plane are assumed to have infinite size while the cavity distance is at the 
order of the wavelength. A waveguide-fed slot is used as a primary source to excite the waves 
inside the cavity. This will introduce multiple reflections between the two planes with 
decreasing amplitudes.  A phase shift is introduced by the optical path length, the total 
reflection at the ground and the partial reflection at the PRS. Let’s assume that a ray is emitted 
from the waveguide slot which has a radiation pattern f(θ). The reflection coefficient of the 
PRS will be RieR  , where R is the magnitude and R  the phase. If we assume no 
transmission losses, the amplitude of the transmitted ray will be proportional to 21 R ; the 
amplitude of the once-reflected ray is proportional to 21 RR  ; the amplitude of the twice-
reflected ray is proportional to 22 1 RR   and so on. The electric field intensity in the 
Fraunhofer zone is the summation of the partial rays, and we may write: 
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where n the phase angle composed of the total phase variations during reflections from the 
ground and the PRS, and of the path differences of the partial rays. From Fig. 2.1.1: 
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Fig. 2.1.1 Schematic diagram of a single layer FP antenna showing the multiple reflections 
between the ground and the PRS.  
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Since 0<R<1, (2.1-1) is now written 
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Substituting equation (2.1-4) into (2.1-1) the absolute value of electric field strength is 
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where the amplitude R and the reflection phase on the PRS R  depend on the angle of 
incident  . Maximum power at boresight ( 0 )  is obtained when the following phase 
condition is satisfied: 
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4
0    where N=0, 1, 2,..                                                                      (2.1-7) 
Rearranging (2.1-7), the equation that determines the resonant distance h between the PRS 
and the ground plane is 
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Assuming an infinite extent of the array and the ground and also a uniform illumination of the 
PRS we can derive an expression for the boresight directivity in respect of the primary source 
by replacing (2.1-8) into (2.1-6).  
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From equation (2.1-9) it can be seen that the directivity increases with R, which means that a 
highly reflecting PRS placed at the resonant distance will result to a high-directivity antenna. 
Regarding the reflection phase of the PRS, we can rearrange the equation (2.1-8) as 
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In order to obtain high directivity values for a broad frequency range the phase must satisfy 
the resonant condition within this range. This means that a phase should have a linearly 
increasing response with frequency as derived from the equation (2.1-10), for the frequency 
range of interest. To sum up, the reflection magnitude of the PRS will define the directivity 
maximum while the reflection phase will determine the bandwidth performance. This 
technique although is an approximation, will give valuable information for the design of high-
directivity broadband FP antennas as we will see in the next chapter. 
2.2 PERIODIC ANALYSIS 
A structure can be characterized as periodic if it can be produced by an infinite repetition of a 
basic unit which is called “unit cell”, shifted by one or more (up to three) translation vectors. 
Depending on the number of translation vectors, 1-D, 2-D or 3-D structures can be obtained. 
The magnitude of the translation vector defines the periodicity of the structure in each 
dimension. The electromagnetic field in a periodic structure has the same amplitude in each 
unit cell with a phase shift added in successive unit cells. This means that the analysis of an 
infinite structure can be simplified and reduced into the analysis of a single unit cell, taking 
into account the appropriate phase shift. In a practical case, only finite size structures exist. 
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Nevertheless, an array can be considered periodic if it is large enough, and periodic analysis 
can be employed giving a good approximation of the actual behaviour of the structure. This 
will significantly reduce the computational time and calculations.  
2.2.1 Frequency Selective Surfaces 
As explained in Chapter 1.1.1, FSS are two dimensional (2-D) periodic arrays of metallic 
elements or apertures that exhibit stop-band and pass-band characteristics respectively when 
excited by an Electric field at an angle arbitrary to the plane of the array [3, 4]. If a plane 
wave with iE

is incident on a lossless FSS array, the transmitted electric field tE

, and the 
reflected electric field rE

, are related to iE

 as:  
tri EEE                                                                                                                         (2.2-1) 
i
r
E
E
R   and 
i
t
E
E
T                                                                                                             (2.2-2) 
where R and T the reflection and transmission coefficients respectively. 
Various elements with different geometries such as dipoles, cross dipoles, square loops and 
square patches can be used as FSS. Each element exhibits different reflection and 
transmission characteristics depending on the geometry. Metallic elements on a dielectric 
substrate give stop-band characteristics whereas pass-band characteristics are obtained with 
apertures on a conducting plane. 
Complementary arrays may be defined as arrays with elements of the same shape such that if 
the two arrays are put on top of each other, a complete perfectly conducting plane is obtained 
(Fig. 2.1.1). The transmission coefficient of conducting arrays is equal to the reflection 
coefficient of the complementary aperture arrays and vice versa. This is a simple case of 
Babinet’s principle [3, 4].   
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Fig. 2.2.1 Complementary arrays. Reflection of the capacitive array is equal with the 
transmission of the inductive array at the resonance. 
2.2.2 Propagation in periodic surfaces 
As mentioned earlier, propagation in periodic structures can be described using periodic 
analysis which is based on Floquet’s theorem [5]. This is an expansion Fourier series applied 
for periodic functions. 
 Let’s assume a FSS array of arbitrary elements that lies in the x-y plane. The array is excited 
by a linearly polarized plane wave with an angle of incidence   with respect to the z axis. 
The lattice vectors vD

 and uD

(Fig. 2.2-2) are expressed with respect to x and y axis as:  
 yaxaDD uu ˆsinˆcos 11 

 
 yaxaDD vv ˆsinˆcos 22 

                                                                                                 (2.2-3) 
where   the angle between the vectors vD

 and uD

, 1 the angle between uD

and the x-axis, 
and 2  the angle between vD

 and the x-axis. Also, uu DD

 vv DD

 . 
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The modal representation of the field of a periodic array in scalar Floquet modes [4, 6] is 
given as:
ZjrkjZj
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Fig. 2.2.2 Arbitrary lattice geometry of a 2D periodic infinite array. 
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The propagation constant βpq is given from equation (2.2-6) 
tpqtpqpq kkk

 2                                                                                                         (2.2-6) 
where rkk 0 . 
In order to have a propagating wave, pq  should have a real and positive value, i.e. 
tpqtpq kkk
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On the other hand  
tpqtpq kkk

2  
2kkkj tpqtpqpq 

  
corresponds to evanescent waves. 
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2.2.3 Commercial electromagnetic solvers 
Many techniques have been employed to solve the electromagnetic fields for periodic 
structures. The most popular numerical methods are based on Time domain-Differential 
equations such as Finite Difference Time Domain (FDTD) [7, 8], Finite Element Method 
(FEM) [9] or Transmission Line Matrix (TLM) [10] and Frequency domain-Integral 
Equations methods such as Method of Moments (MoM) [11]. These numerical technique are 
employed by commercial simulation software packages. In this dissertation CST Microwave 
StudioTM has been used which is based on FDTD method. 
CST Microwave StudioTM is a 3-D full-wave numerical tool, which integrates various 
electromagnetic solvers. The two solvers that were used in this thesis are briefly described 
here. The finite integral time-domain solver employs a technique similar to FDTD which uses 
the integral form of Maxwell equations instead of the differential ones. It is based on non-
orthogonal meshing schemes, that allow the tool to efficiently and rigorously model 
complicated structures. Since it is a time-domain solver, it is ideal for analysing the structures 
under investigation for a broadband frequency range. However it is not suitable for highly 
resonant structures. The finite-element frequency-domain solver on the other hand, is 
appropriate for the analysis of such highly resonant structures. Moreover it contains a special 
feature for analysing periodic structures applying periodic boundary conditions to the unit cell 
of the structure under investigation. The periodic boundary implementation creates the 
boundaries for arbitrarily shaped unit cells assuming infinite size structures where an 
appropriate phase shift is introduced between consecutive periodic elements.   
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2.3 ANALYSIS TECHNIQUE FOR LEAKY-WAVE ANTENNAS 
Apart from ray optics theory, FP antennas can be described using leaky wave theory. This is 
due to the partial electromagnetic transparency of the PRS at frequencies near the resonance 
which causes a Leaky Wave (LW) action. This leaky-wave approach is explained in this 
subsection. Furthermore an estimation tool for the antenna’s performance based on the 
theorem of reciprocity is also presented. As explained below, this tool can be employed to 
obtain radiation patterns for infinite size structures. Finally, radiation patterns can also be 
obtained using the array theory approach. Applying these tools, a better insight of the function 
of LWAs is provided along with a dispersion characterization of antennas of this type.  
2.3.1 Leaky waves 
Leaky waves are excited when leakage in a waveguiding structure occurs. Due to this leakage 
they are characterized by a complex propagation wavenumber [12]: 
 jk                                                                                                                           (2.3-1) 
where   is the phase constant and   the leakage rate or attenuation constant. Leaky waves 
are fast waves i.e. waves whose propagation constant is smaller than the free space wave 
number 0k  as will be explained later on. They are typically produced from surface waves 
that are excited in the structure, due to discontinuities along one side of the structure. In 2-D 
FP antennas, the waveguiding structure is formed by the ground plane and the PRS. 
Therefore, the discontinuities occur in the PRS due to the uniform periodic modulation.   
As indicated by its name, the attenuation constant defines the amplitude decrease per meter of 
the propagating wave.  A large  implies that the wave is attenuated at fast rate, i.e. a short 
effective aperture is produced. Conversely, a low value of  , will produce a large effective 
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aperture. Consequently,  controls the beamwidth of the radiated beam. The phase constant 
  on the other hand, represents the phase variation per meter of the propagating wave. The 
latter controls the angle of the radiating beam as obtained from:  
0
sin
k

                                                                                                                             (2.3-2) 
where   the angle of the main beam of the radiation pattern with respect to the normal 
direction and 

2
0 k .  
This equation is extracted from simple trigonometry and ray optics (Fig. 2.3.1). Again, from 
trigonometry it is known that  
11sin
0

k

 .                                                                                                            (2.3-3) 
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Fig. 2.3.1 Schematic representation of LW radiation. 
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From this, the condition for leaky-wave radiation is produced, since no radiation can occur if 
0k . It must be emphasised that the waves that satisfy the equation (2.3-3) are called “fast 
waves” due to the fact that their phase velocity is greater than the one of the light. On the 
other hand, waves whose phase constant is greater than 0k , don’t radiate and so they are 
called “slow waves”.  
2.3.2 Reciprocity 
One way to calculate the power pattern of the antenna is using the theory of reciprocity. This 
theory is based on the principle that a source placed at a point A in the far field will provoke 
an electric field strength at a point B inside the structure, equal to the one that would be 
provoked at point A, from a source at point B (Fig. 2.3.2). Thereby, in the case of FP LWA, 
the theory of reciprocity can be employed to avoid the calculation of the far field which will 
significantly reduce the computational time. Instead, the near field is calculated at an 
observation point inside the cavity formed between the ground plane and the PRS. The 
radiation pattern at a fixed frequency can be obtained by scanning the near fields for different 
angles ),(  of the incoming plane wave [13].  

30180
),,(' rA
A
B
Incident 
wave
Measurement of the electric field strength
 
Fig. 2.3.2 Schematic diagram of reciprocity technique. 
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By considering an infinite array model the complexity in computational analysis is reduced. 
This means that the analysis of the whole structure is simplified to the analysis of one unit 
cell. The reciprocity technique is described in [13] for single layer periodic antennas and 
exploits the fact that the receiving and transmitting field patterns for an antenna are identical 
[14].  Consequently, a unit cell of the structure under study can be considered, employing 
periodic boundary conditions. By scanning the relative field strength Ex or Ey (polarization 
makes no difference for both x and y directions due to symmetry), the radiation pattern of the 
antenna can be obtained.  Once the 3- D radiation pattern is determined, the integration of the 
obtained values can be used as a reference in order to obtain the directivity pattern, so that, 
 






,
2
2
)sin(),(
),(4
),(
ddE
E
D                                                                                (2.3-4)  
where D ),(  is the directivity of the antenna in the direction ),(   and E ),(   is the 
electric field strength at the observation point in the middle of the cavity, when excited by a 
plane wave incident from ),(  . 
Apart from the radiation pattern and directivity response estimation, calculation of the near-
field inside the cavity in conjunction with reciprocity arguments can be employed towards a 
more accurate procedure for determining the antenna profile for a specific desired operating 
frequency. Reciprocity suggests that for an antenna radiating at broadside, the fields at the 
observation point are maximised for a given normally incident wave at the central operating 
frequency.  
40 
 
Therefore, scanning the fields over the frequency yields the central operating frequency of the 
antenna at the peak of the observed curve. It is then possible to tune the design to the specified 
frequency by modifying the antenna profile.  
2.3.3 Array Factor Approach 
Leaky wave antennas can be characterized using array factor (AF) theory. The array factor 
approach provides an alternative method to compute the radiation characteristics of periodic 
arrays. The AF is a function of the geometry of the array and the excitation phase. By varying 
the separation or/and the phase between the elements, the characteristics of the array factor 
and of the total field of the array can be controlled [14, 15]. For 2-D arrays, the AF is given 
by: 
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where xD and yD  the periodicity in x-y axis and M and N the number of cells along x and y 
directions respectively.  
The angles   and   are the elevation and azimuthal angles of the radiated beam respectively. 
The elevation angle is given by: 






 
0
1 )(sin
k

                                                                                                                 (2.3-6) 
where )(  the propagation constant in the direction of propagation. 
The parameters m  and n  in (2.3-5) represent the phase shift that the excitation undergoes 
for the mth or nth element with respect to the element at the origin. This relative phase shift is 
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defined by (2.3-7) and is related to the propagation constant, yx /  for the x- and y- directions 
respectively: 
xxm Dm  )1(  , yyn Dn  )1(                                                                                       (2.3-7) 
On the other hand, the magnitude of the excitation at each element is determined by the 
exponential function:   
xx Dma
m eII
)1(
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 , yy Dnan eII
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01
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                                                                                   (2.3-8) 
where yxa /  the leakage rate. 
Substituting (2.3-7) and (2.3-8) in (2.3-5) the radiation pattern of a LWA can be given from 
(2.3-9), if the antenna’s dispersion characteristics  and   are known. 
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where   is the angle from the axis of propagation, i.e. the complementary of angle  . 
This theory assumes infinite size structures and therefore it is not taking into account the edge 
effects. Moreover it only considers fundamental Floquet modes, with the higher modes 
assumed to be evanescent.  
2.4 RETRIEVAL PARAMETER APPROACH FOR METASURFACES  
A metamaterial can be characterized by its effective permittivity and permeability. Various 
methods have been proposed for retrieving the effective parameters of metamaterials. One 
approach that has been extensively investigated is based on averaging the electromagnetic 
fields [16, 17] inside the metamaterial structure; however this cannot be applied to obtain 
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experimental results. Another method that has been considered is to estimate the effective 
constitutive parameters using analytical models [18, 19] to approximate the metamaterial 
structures. Although it has been proven to be more suitable for practical cases than the 
previous one, it demands an increased complexity for more complicated structures. Finally, a 
very commonly used technique to retrieve   and   is based on the S-parameters. This 
method is well established and has the advantage that it can be applied to all kinds of 
structures independently of their complexity. Moreover, it can be used in both simulation and 
measurements. A version of this technique, known as the Nicolson – Ross – Weir [20, 21 
]method  has been employed in this work and is going to be analyzed for both isotropic and 
anisotropic metasurfaces.  
2.4.1 Isotropic Parameter Retrieval Technique 
Let’s consider a homogeneous slab whose effective permittivity and permeability we desire to 
retrieve. In this case, we can retrieve the permittivity and permeability from the reflection 
(S11) and transmission (S21) values [22-27].  
0 d
11S 21S
0 d
12S 22S
 
Fig. 2.4.1 S-parameters on a homogeneous 1D slab of thickness d. 
In order to describe the retrieval approach from the S-parameters of the material, initially we 
define the transfer matrix which is given in (2.4-1) that relates the fields on both sides of the 
material.   
TFF '                                                                                                                               (2.4-1) 
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where 






H
E
F  and E and H are the electric and magnetic field amplitudes on both sides of 
the slab. 
In this case, the transfer matrix is given from 
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where k is the wavenumber, d is the thickness of the slab (or in the case of a metamaterial 
structure the size of the unit cell), n the refractive index and z the wave impedance of the slab. 
The electric permittivity and magnetic permeability of the slab are in turn defined by (2.4-3) 
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For a homogeneous slab, the S matrix is symmetric and the matrix elements are expressed as   
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where 2211 TTTs  . Thus, combining (2.4-2) and (2.4-4) we get 
)sin(
1
2
)cos(
1
1221
nkd
z
z
i
nkd
SS







                                                                                  (2.4-5) 
44 
 
)sin(
1
22211
nkdz
z
i
SS 





                                                                                                      (2.4-6) 
So we can solve the above equations to find n and z as follows.  
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However, both (2.4-7) and (2.4-8) create ambiguities due to the multiple solutions of the 
inverse cosine and the two branches of the square root in (2.4-7) and (2.4-8) respectively. 
These ambiguities are solved by choosing the correct branch so that the conditions 0)Re( z
and 0)Im( n  are satisfied. 
2.4.2 Anisotropic Parameter Retrieval Technique 
The equations that have been shown above can produce the constitutive parameters of a 
material that is considered isotropic. However, in many cases anisotropic materials are 
investigated [28]. For such materials the constitutive parameters are tensors given by: 
 zzyyxxr diag  ,,00                                                                                              (2.4-9) 
 zzyyxxr diag  ,,00                                                                                        (2.4-10) 
where 0  and 0  the permittivity and permeability of free space respectively.  
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Fig. 2.4.2 Schematic of a homogeneous anisotropic slab with thickness d, illuminated by TE 
(left) and TM (right) polarised plane waves for normal and oblique incidence. 
We assume that a plane wave is illuminating the anisotropic slab, incident at an angle i with 
respect to the normal direction zˆ  (Fig. 2.4.2), where the plane wave vectors are in the y-z 
plane for both transverse electric (TE) and transverse magnetic (TM) polarized waves. The 
dispersion relations inside the material TE and TM polarizations respectively are given by 
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where iyy kk  sin0  and 0k is the free space number. 
Assigning boundary conditions on both sides of the slab, the scattering parameters of the slab 
can be extracted under a plane wave illumination of arbitrary angle of incidence. The 
scattering parameters corresponding to TE and TM waves can be derived from the following 
equations 
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the reflection coefficient at one side of the slab. The normalized wave impedances for TE and 
TM waves respectively, are calculated by 
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where iz kk cos0  
For the retrieval of all the components of the constitutive parameters, we use the scattering 
parameters for two cases corresponding to different incident angle of plane wave illumination. 
The tensor parameters yyxx  ,  and zz  are active when the slab is illuminated by TE waves 
and the tensor parameters xxyy  ,  and zz  are active when the slab is illuminated by TM 
waves. Initially, we obtain the S-parameters for two TE incident waves with angles of 
incidence 1i  and 2i  with 21 ii   . These will be 111TES , 121TES , 211TES  and 221TES  
corresponding to the two angles of incidence and will be given by equations (2.4-13) and (2.4-
14). Solving these four equations we obtain the z components of the refractive indices and the 
wave impedances for both angles of incidence by the following equations (2.4-18) and (2.4-
19), where l =1, 2. Again, ambiguities arise when solving these equations as in the isotropic 
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case, which are solved by choosing the correct branch taking into account the conditions 
mentioned there.  
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Thus, using (2.4-11), (2.4-16), as well as (2.4-18) and (2.4-19) we obtain the equations (2.4-
20), (2.4-21) and (2.4-22) from which can calculate the tensors yyxx  ,  and zz . 
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Similarly, for the other three tensor, we need the S-parameters for two TM incident waves 
with angles of incidence 1i  and 2i  which will be 111TMS , 121TMS , 211TMS  and 221TMS . 
Following the same procedure we get the z components of the refractive indices and wave 
impedances 
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with l=1, 2. 
In this case, we use (2.4-12), (2.4-17), (2.4-23) and (2.4-24) we obtain the equations (2.4-25), 
(2.4-26) and (2.4-27) from which can calculate the tensors xxyy  ,  and zz . 
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Therefore, with this approach we can obtain all three tensors for each constitutive parameter 
which can characterize an anisotropic homogeneous medium, i.e. a material with different 
electromagnetic properties at each axis.  
2.5 CONCLUSIONS  
In this Chapter, a brief description of the theoretical tools used throughout this thesis was 
provided. The contents of section 2.1 and 2.2 are applied for the design and analysis of the 
antennas presented in Chapter 3, 5, 6. The analysis in section 2.3 is applied in Chapter 4 while 
the one in section 2.4 is applied in Chapter 5.  
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CHAPTER 3 
MULTI-LAYER PERIODIC SURFACES FOR BROADBAND HIGH-
GAIN ANTENNAS 
 
Fabry-Perot cavity (FPC) antennas are characterized by inherently narrow operational 
bandwidth as already discussed in Chapter 1. A technique for enhancing the bandwidth of 
FPC antennas has been recently proposed [1]. An optimized double layer PRS FPC antenna 
has been presented which achieves a significant bandwidth enhancement compared to a single 
layer PRS FPC antenna.  
In this chapter, high-gain broadband Fabry-Perot type antenna designs are proposed, based on 
multi-layer periodic Partially Reflective Surfaces (PRSs), extending the previously reported 
work and significantly enhancing the FPC antenna directivity-bandwidth performance. A 
double-layer and a three-layer PRS antenna are investigated. Initially, the double layer 
antenna is studied, consisting of two PRS layers placed in front of a ground plane. Then, three 
layers of PRSs are employed, consisting of metallic patches printed on thin dielectric 
substrates and placed in front of a ground plane, forming three open cavities. The antenna 
performance is based on the reflection characteristics of the PRS array, which are obtained 
using periodic analysis. We present for the first time the design and implementation of a 
three-layer PRS for enhancement of the directivity – bandwidth (BW) product of FPC 
antennas and thereby generalize the concept of broadband FPC antennas with multiple PRS 
layers. An equivalent circuit approach is also presented for the design of the multi-layer PRSs 
showing very good agreement with full-wave analysis. The geometry has been optimized 
using full wave simulations (CST Microwave StudioTM). A prototype has been fabricated and 
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tested, validating the simulation results. Furthermore, a dual-slot feeding technique is 
proposed for broadband multi-layer periodic Fabry-Perot cavity antennas achieving enhanced 
directivity as well as broadband radiation and matching performance. In order to demonstrate 
the feeding technique, two FPC antennas are presented formed by two- and three-layer 
periodic Partially Reflective Surfaces (PRSs) respectively placed in front of a ground plane. 
Measurements of a fabricated three-layer PRS antenna prototype are presented validating the 
simulation results. 
3.1 UNIT CELL ANALYSIS FOR MULTI-LAYER PRS 
3.1.1 Double-Layer PRS 
Initially, a double-layer PRS is designed which is then employed in front of a ground plane in 
the double-layer antenna described in 3.2.1. Two periodic PRS layers are used, printed on a 
1.6mm thick dielectric substrate with relative permittivity of 2.55 and tangent loss of 0.0019. 
The unit cell structure is shown in Fig. 3.1.1. Metallic square elements have been chosen for 
the proposed design. In Fig. 3.1.1 (a) the dimensions of each layer are depicted with the 
periodicity P=11mm and the dimensions of the elements d1=10mm and d2=6mm. The cross 
section of the unit cell is shown in Fig. 3.1.1 (b), where the distance between the two PRS 
layers is h2=11mm. These dimensions have been chosen, so that a positive gradient in the 
reflection phase response would be obtained, since as explained in Chapter 2.1, a positive 
gradient in the phase of the reflection coefficient with frequency is required to achieve high 
gain for a broad frequency range. Periodic boundary conditions have been employed in CST 
Microwave StudioTM in order extract the reflection coefficients and to optimize the 
dimensions following this design procedure which was first reported in [1].  
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(b) 
Fig. 3.1.1 (a) Unit cell dimensions of the two-layer PRS, (b) Cross section of the double-layer 
PRS. 
In Fig. 3.1.2, the complex reflection coefficients are presented with the optimum phase 
derived from (2.1-10) also included considering a distance h1=11.3mm from the ground plane. 
It can be observed that, a minimum occurs in the reflection magnitude at 13.7GHz. This 
implies that at the resonant frequency the transmission is slightly increased. It is expected 
from (2.1-9), that the observed high reflection magnitude values will result in a high 
directivity antenna, implemented using the proposed double-layer PRS. Moreover, a phase 
increase is obtained in the reflection phase between 13.3GHz to 14.1GHz. Finally, the two 
phase curves intersect at 13.8GHz which indicates high directivity values around this 
frequency.  
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Fig. 3.1.2 Complex Reflection Coefficients of the two-layer PRS with h2=11mm, d1=10mm, 
d2=6mm. 
3.1.2 Three-Layer PRS 
In this section a parametric study and optimization of a three layer PRS is carried out with the 
aim of achieving a reflection phase response increasing with frequency in a wider frequency 
band compared with the two-layer PRS design. Each layer consists of a metallic square patch 
PRS array printed on a 1.6mm thick dielectric substrate with permittivity εr=2.55 and tangent 
loss of 0.0019.  As mentioned in Chapter 2.1, a positive gradient in the phase of the reflection 
coefficient with frequency is required to achieve high gain for a broad frequency range. The 
values of the parameters for the desired behavior in the phase of the reflection coefficient i.e. 
approaching the optimum phase derived from equation (2.1-10) were found after a parametric 
optimization procedure. Nevertheless, for the derivation of the optimum phase the distance h1 
between the ground and the first layer is needed, and was selected to be h1=10.7mm. The unit 
cell of the three-layer PRS is presented in Fig. 3.1.3, with the top view of each layer shown in 
Fig. 3.1.3 (a) and a cross section in Fig. 3.1.3 (b). The unit cell dimensions, as shown in the 
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figure and starting from the layer closer to the ground plane, are d1=9.16mm, d2=10mm and 
d3=6mm. The periodicity for all three layers is P=11mm. Finally the cavity distances are 
h2=9.5mm and h3=10mm. 
d2d1
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d3
 
(a) 
h3
h2
PRS2
PRS1
PRS3
 
(b) 
Fig. 3.1.3 (a) Unit cell dimensions of the three-layer PRS, (b) Cross section of the three-layer 
PRS. 
Two resonances are obtained from the three-layer PRS due to the two formed air cavities. At 
each resonant frequency the magnitude of the reflection coefficient has a minimum and the 
phase is increasing for a frequency range around the resonance. To achieve a broadband phase 
increase, the two resonances have to be brought close together but not overlap. 
In Fig. 3.1.4 and Fig. 3.1.5 the complex reflection coefficients are presented for three different 
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values of each of the structure’s parameters and the optimum phase is also included. The 
optimized case for the selected values is shown as a reference in all the graphs (solid line). In 
the optimized case, two minimums occur in the reflection magnitude at 14.4GHz and 
14.9GHz. An increase in the positive gradient range of the phase is obtained, extending 
between 14.1GHz to 15.1GHz. This is a significant improvement over the optimized two-
layer PRS case (see Fig. 3.1.2).  Again, the positive gradient phase response leads to high 
antenna directivity in this frequency range according to the ray analysis, if the proposed PRSs 
are employed in the design of an FPC antenna. It is expected that at the frequencies where the 
optimized phase value is equal to that of the optimum phase, maximum directivity will be 
achieved since the cavity resonance condition, (2.1-10), is satisfied.  
In Fig. 3.1.4 (a, b) the effect of the two cavity heights on the reflection coefficients is shown. 
It can be observed that the first cavity (the cavity formed between the first and the second 
PRS layers) has a stronger effect than the second. Varying h2 by half millimeter below and 
above the selected value (h2 =9.5mm) only one resonance occurs with a significant shift at 
higher or lower frequency respectively from the center frequency which is 14.6GHz. The 
same behavior is obtained with variation of h3 but with a smaller frequency shift. In Fig. 3.1.5 
(a, b and c) the effect of the PRS size of each layer is studied. Variation in the size is much 
less significant than in the height of the cavities. As d1 increases, although two resonances 
take place, the resonance at the lower frequency becomes dominant. For the selected value 
d1=9.16mm, the two resonances have the same strength and the phase is closer to the 
optimum. For d2, it is observed that for smaller values the two resonances move apart, while 
for larger values they overlap. Finally, when d3 is increased the resonance at the higher 
frequency becomes stronger. For d3=5.5mm the two resonances overlap again. 
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(b) 
Fig. 3.1.4 Complex Reflection Coefficients of the three-layer PRS changing (a) the cavity 
distance h2 (h3=10mm, d1=9.16mm, d2=10mm, d3=6mm), (b) the cavity distance h3 
(h2=9.5mm, d1=9.16mm, d2=10mm, d3=6mm). 
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(c) 
Fig. 3.1.5  Complex Reflection Coefficients of the three-layer PRS changing  (a) the first 
layer patch dimensions d1 (h2=9.5mm, h3=10mm, d2=10mm, d3=6mm), (b) the second layer 
patch dimensions d2 (h2=9.5mm, h3=10mm, d1=9.16mm, d3=6mm) and (c) the third layer 
patch dimensions d3 (h2=9.5mm, h3=10mm, d1=9.16mm, d2=10mm). 
3.1.3 Equivalent Circuit Model 
Multi-layer PRS arrays are studied in this section using an equivalent circuit approach which 
allows for a fast optimization of the design. In order to demonstrate the equivalent circuit 
approach and its accuracy in modelling the proposed multi-layer PRSs working examples of a 
single-layer, a two-layer and a three-layer PRS are employed. The three-layer design is based 
on the optimised design that was presented in section 3.1.2.  
The unit cell of a periodic metallic patch array printed on a dielectric substrate can be 
modeled with the equivalent circuit shown in Fig. 3.1.6 (a) [2, 3]. In order to model the 
metallic patches as equivalent electrical parameters, the electric and magnetic fields should be 
considered. Strong electric field is generated on the surface of the metallic patches due to 
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electromagnetic excitation. The established electric field between two adjacent elements 
causes a capacitive behavior and is modeled with a shunt capacitor Ci. The inductor in series 
Li represents the current flowing through the patches. The dielectric substrate can be modeled 
as a transmission line with the length of the line ti being equal to the substrate’s thickness and 
the characteristic impedance is calculated from
ri ZZ 0 , where Z0=377 Ω is the free space 
impedance and εr is the dielectric constant of the material. The two terminals represent the 
free space on both sides of the PRS and have characteristic impedance equal to Z0. 
An initial calculation of the electrical parameters Ci and Li from the physical dimensions of 
the unit cell can be realized using equations (3.1-1) and (3.1-2) [3, 4] where P is the 
periodicity, s=P-d is the separation between two adjacent patches, d is the width of the patch 
and εeff= εr.  
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For multiple layer structures, the equivalent circuit of each layer is cascaded, adding a 
transmission line to model the air cavity between the layers. The length of the line is equal to 
the cavity distance and the impedance is that of the free space. In Fig. 3.1.6 (b) the three-layer 
equivalent circuit is presented.  
To validate the model the complex reflection coefficients have been obtained for single, 
double and three-layer PRS using both circuit analysis software (AWR Microwave Office) 
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and full-wave simulations (CST Microwave StudioTM). In CST, periodic boundary conditions 
are applied to the unit cell of the structure, which assume an infinite extend of the surface, and 
reduce the calculations of the complete structure into a single unit cell. Simulations have been 
carried out for six different values of the physical dimension of the patch (d) for a single PRS. 
Different combinations were then investigated for double and three-layer PRSs. The 
periodicity and the material properties are the ones used in section 3.1. In Fig. 3.1.7 one case 
for a single, a double and a three-layer PRS is shown for brevity. 
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(b) 
Fig. 3.1.6 Equivalent circuit for (a) single-layer PRS, (b) three-layer PRS. 
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 (c) 
Fig. 3.1.7  Complex Reflection Coefficients for (a) single-layer PRS for d=6mm, (b) double-
layer PRS for d1=10mm, d2=6mm and h2=11mm, (c) three-layer PRS for the proposed design 
dimensions, obtained from the equivalent circuit model and periodic full-wave analysis.  
TABLE I 
PHYSICAL AND ELECTRICAL PARAMETERS  
FOR SINGLE-LAYER PRS 
d (mm) C (pF) L (nH) 
10 0.2101 0.088 
9.16 0.1301 0.27 
9 0.1251 0.263 
8 0.0751 0.66 
7 0.0481 1.14 
6 0.0292 1.959 
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Fig. 3.1.8 Variation of equivalent capacitance and inductance with the physical dimensions of 
the single-layer PRS. 
Good agreement has been achieved after fine tuning of the values obtained from equations 
(3.1-1) and (3.1-2) of the electrical parameters (Fig. 3.1.7). The values used for C and L are 
presented in Table I. The good agreement can be attributed to the fact that the separation 
between the layers in the proposed design is in the order of half wavelength, hence the effects 
of the higher order evanescent Floquet harmonics are minimal. 
In Fig. 3.1.8 the variation of the equivalent capacitance and inductance as the patch 
dimensions increase is depicted. It is evident that increasing the patch size, leads to increased 
capacitance and reduced inductance. This behavior can be justified taking into account that as 
the patch increases the separation between the adjacent elements decreases causing an 
increase of the electric coupling. On the other hand, decreasing the patch dimension, the 
induced currents become stronger leading to larger inductance values. 
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3.2 ANTENNA DESIGN 
3.2.1 Double-Layer PRS Antenna 
Based on the optimized PRS designs, a double-layer finite size FPC antenna is initially 
produced. The structure has been formed using the double-layer PRS placed in front of a 
metallic ground plane (Fig. 3.2.1). A waveguide – fed slot inside the ground plane is used as a 
single feeder of the antenna. The dimensions of the slot are 10x2.5mm2, which have been 
selected so that a good matching in the frequency range of interest is achieved. The overall 
lateral dimensions of the antenna are 80x80mm2, which corresponds to about 4λ at 14.5GHz. 
A total of 5x5 array elements are printed on each dielectric layer. The distance between the 
ground and the first PRS layer is h1=11.3mm while the rest of the parameters are h2=11mm, 
d1=10mm and d2=6mm, as described in section 3.1.1.  
The antenna’s simulated directivity is depicted in Fig. 3.2.2 (solid line), showing a maximum 
of 19.9dBi at 14.4GHz. The 3dB directivity bandwidth is calculated at approximately 10.6%. 
Two peaks are observed the directivity of the antenna corresponding to the two resonant 
cavities. These two peaks provide the broadband directivity behavior, which is expected since 
the reflection phase response of the PRSs is close to the optimum phase in this frequency 
range, i.e. the resonant condition is satisfied (see Fig. 3.1.2). Moreover, the gain and S11 are 
presented in Fig. 3.2.2, showing good matching of the antenna and very small discrepancies 
between the directivity and the gain. 
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Fig. 3.2.1 Schematic diagram of the double-layer PRS antenna. 
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Fig. 3.2.2 Simulated directivity, realized gain and S11 of the two-layer PRS antenna. 
3.2.2 Three-Layer PRS Antenna 
In this section a realistic three-layer PRS finite size antenna structure is simulated based on 
the optimized designs obtained in section 3.1.2. Furthermore, a comparison with the 
optimized two-layer antenna described in the previous section is presented in order to validate 
the improvement in the directivity-bandwidth product by virtue of the proposed three-layer 
design. 
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Fig. 3.2.3 Schematic diagram of the three-layer PRS antenna. 
The structure is formed using the optimized three-layer PRS placed in front of a metallic 
ground plane (Fig. 3.2.3). Again, a waveguide – fed slot inside the ground plane is used for 
the feeding of the antenna with the same dimensions that have been used for the double-layer 
antenna. Also, in order to have a fair comparison between the two designs, the overall lateral 
dimensions of the antenna are the same, with 5x5 array elements printed on each dielectric 
layer. For this finite size structure, the distance h1 was changed to 11.3mm instead of 10.7mm 
which was used for an infinite size antenna. The rest of the parameters are h2=9.5mm, 
h3=10mm, d1=9.16mm, d2=10mm and d3=6mm, as described in section 3.1.2.  
The antenna’s simulated directivity is shown in Fig. 3.2.4. A maximum directivity of around 
21dBi is observed at 13.7GHz and it is kept over 18dBi for frequencies between 13.5GHz to 
15.7GHz. The 3dB directivity bandwidth is calculated at approximately 15%. It is interesting 
to note that three peaks appear in the directivity of the antenna at three closely spaced 
frequencies corresponding to a third order cavity resonance response, which in turn is 
attributed to the three formed cavities. Moreover, these three peaks coincide with the 
frequencies where the resonant condition is satisfied, i.e. where the reflection phase of the 
PRSs crosses the optimum phase line (see Fig. 3.1.4). The directivity of the optimized two-
layer antenna is also shown in Fig. 3.2.4. It is evident that the three-layer antenna outperforms 
69 
 
the two-layer one. In Table II a more detailed comparison between the two antennas, a single-
layer antenna with similar maximum directivity value and resonant frequency, as well as the 
waveguide slot source is presented.  
In Fig. 3.2.5, two other cases are compared with the optimized one, corresponding to different 
h2=9mm and h3=9.5mm. It can be observed that, after changing the first cavity distance, a 
deep drop occurs at 15.6GHz that deteriorates the antenna performance by significantly 
reducing the operating bandwidth. This behaviour is justified from the corresponding 
reflection coefficient in Fig. 3.1.4 (a). A similar effect is observed after reducing h3 where the 
average directivity drops over the operating bandwidth compared with the optimized case, 
with a minimum of around 17dBi at 15GHz and the antenna bandwidth is thus significantly 
reduced. It should be noted that the radiation patterns in both of the above cases are also 
distorted at out-of-band frequencies (approximately over 15 GHz). 
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Fig. 3.2.4 Directivity comparison between three-layer and two-layer antenna. 
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TABLE II 
COMPARISON BETWEEN DOUBLE LAYER AND THREE LAYER ANTENNA 
Antenna Design 
Maximum 
Directivity (dBi) 
-3dB Radiation 
Bandwidth (%) 
Directivity - 
Bandwidth Product 
Waveguide slot 5.8 N/A N/A 
Single-layer 18.6 5.89 427 
Double layer 19.88 10.6 1031 
Three layer 20.8 15.1 1815 
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Fig. 3.2.5 Simulated directivity versus frequency for different cavity distances h2 and h3. 
Two shapes have been investigated for the feeding slot (Fig. 3.2.6), in order to achieve good 
matching, namely a simple rectangular slot with the dimensions mentioned in the beginning 
of this section (slot A) and a bow tie one (slot B). The simulated S11 and gain for both cases 
are shown in Fig. 3.2.7. It can be observed that slot B gives a slightly improved S11 and gain 
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respectively. The antenna exhibits broadband performance with a maximum gain of 20dBi 
and bandwidth of 15%. There is a slight deterioration of the S11 assuming a maximum value 
of -8.5dB at approximately 13.7GHz. However this only reduces the gain at that frequency by 
less than 1dB (compared to the directivity).     
10mm
2.5mm
 
(a) 
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4mm
 
(b) 
Fig. 3.2.6 Schematic diagram of the two slot designs: (a) Slot A and (b) Slot B. 
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Fig. 3.2.7 Simulated S11 and gain for the two slot designs. 
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3.2.3 Practical Implementation and Measurements 
Because of fabrication limitations, slot A has been selected for the final prototype. A 
prototype of the proposed antenna has been fabricated and measured in a full anechoic 
chamber (Fig. 3.2.8). Plastic screws and spacers were used for the mounting of the antenna. 
Due to fabrication inaccuracies the dimensions of the slot in the ground plane were 
10.7x2.5mm2 (instead of 10x2.5mm2).  
d3 d2
d1
 
 (a)  
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(b) 
Fig. 3.2.8 Photograph of (a) three PRS layers and ground plane, (b) complete antenna.   
The simulated and measured return loss of the antenna with the new slot dimensions is 
presented in Fig. 3.2.9. A minimum occurs at 13.95GHz, with satisfactory matching within 
the 3dB radiation bandwidth. At the edges of the band the measured matching deteriorates 
slightly due to the narrowband operation of the feeding slot. Fig. 3.2.10 shows the simulated 
and measured gain versus frequency. A good agreement is obtained with a maximum 
measured value of 19.5dBi at 13.7GHz. The small discrepancy between simulation and 
measurement is attributed to fabrication tolerances. Moreover the well known gain transfer 
method was employed in order to measure the prototype antenna’s gain which implies a 
±0.5dB error introduced by the gain of the reference broadband horn antenna used. The gain 
values are approximately 1dB lower than the directivity values due to the imperfect matching 
and material losses. 
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Fig. 3.2.9 Simulated and measured return loss for slot dimensions 10.7x2.5mm2. 
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Fig. 3.2.10 Simulated and measured realized gain for the final antenna.  
The H- and E-plane patterns were measured in five different frequencies within the operating 
band. Simulated and measured results are presented in Fig. 3.2.11. In all frequencies the 
sidelobe level is below -10dB. There are some discrepancies between simulation and 
measurement especially at around 60o. It was found that these are caused by the large plastic 
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supporting base of the waveguide that can be seen in the photo of Fig. 3.2.8 (b). The results 
presented here were obtained after a thin layer of absorbers were placed around the support 
behind the antenna which improved the sidelobe level at these angles by at least 3dBs 
compared to the patterns obtained without absorbers. 
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14GHz H-plane
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14.4GHz H-plane
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15GHz H-plane
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15.6GHz H-plane
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(a)                                                          (b) 
Fig. 3.2.11 Simulated and measured patterns for the (a) H-plane and (b) E-plane in five 
frequencies over the operational bandwidth of the antenna. 
3.3 DUAL-SLOT FEEDING TECHNIQUE FOR BROADBAND FABRY-PEROT 
CAVITY ANTENNAS 
In this section, we present a new dual-slot dual-resonant feeding technique for the double- and 
three-layer-PRS broadband FP antennas, achieving a broadband matching performance as 
well as increased directivity and gain. It must be emphasized that the proposed optimized 
feeding slots are of different length and they exhibit two significant enhancements in the 
antenna performance, namely broadband input matching and increase of the directivity. 
Moreover, as they are excited by a microstrip line, they are based on printed layer fabrication 
process and thus they are directly scalable to higher frequencies. Full wave periodic 
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simulations are initially carried out using CST Microwave StudioTM in order to optimize the 
antenna design.  Measurement results of a fabricated prototype are also presented. 
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(c) 
Fig. 3.3.1 Schematic diagram of the proposed antenna, (a) Cross section of the structure, (b) 
Front view of ground plane with slots of length sxi and width syi and (c) Back view of the 
ground plane (microstrip line). 
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3.3.1 Design of the Feeding Structure 
The design of the proposed dual-slot feeding structure that is used in later sections in 
broadband FP antennas is presented in this section. As already mentioned, we have chosen a 
microstrip fed slot antenna design which is easily scalable to higher frequencies. A microstrip 
line is printed on a 1.6mm thick dielectric substrate with an electric permittivity εr=2.2 and a 
tangent loss tanδ=0.009 (Fig. 3.3.1c). The ground plane is printed on the other side of the 
substrate and the feeding slot/s are etched off it. This structure is based on chemical etching 
printed circuit board fabrication process. In order to evaluate the operation frequency and 
bandwidth of the proposed feeding structure, the latter has been simulated. Initially an 
approximately half wavelength rectangular slot was etched on the ground plane located in the 
centre of the plane, above the microstrip line. The dimensions of the slot were selected such 
that a resonance would occur within the frequency range of interest and are presented in Table 
III. In the same table the dimensions of the microstrip line are also included. The S11 response 
for the single slot feeding is shown in Fig. 3.3.2. It can be observed that the S11 is below -
10dB from 13.8GHz to 15.2GHz corresponding to a fractional bandwidth of 10%, with a 
minimum occurring at 14.5GHz which is the central frequency of the multi-layer antenna.  
Subsequently, a second slot of different dimensions has been added as shown in Fig. 3.3.1 (b), 
introducing extra coupling which in turn is expected to cause a more broadband response. The 
dimensions (length sxi and width syi) and the distance between the slots are shown again in 
Table III. The S11 response for the dual slot feeding is also shown in Fig. 3.3.2. It is evident 
that indeed a more broadband (tripled) matching is achieved with the S11 being below -10dB 
from 12.8GHz to 17GHz corresponding to about 30% fractional bandwidth. Two minima 
occur in this case, at 13GHz and 15.5GHz related to the dual resonance of the structure. It 
must be noted that the optimisation that led to the design presented here was also carried out 
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in the presence of the entire FP antennas in order to ensure a successful operation of the final 
antenna prototypes. 
TABLE III 
PARAMETER VALUES (MM) FOR FEEDING STRUCTURE  
Parameter (single slot) a w l sx sy 
Value 40 4.8 50.5 14.8 1 
Parameter (dual slot) a b w l sx1  sx2 sy1  sy2 
Value 37.6 42.5 4.8 50.5 18.5  8.2 1  1.5 
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Fig. 3.3.2 Comparison of the S11 between one and two microstrip fed slots as primary source.  
In order to further evaluate the advantages of the dual-slot feeding structure, an inspection of 
the near-field distribution is carried out. In Fig. 3.3.3, a cross section of the electric field for 
the single slot and the dual-slot is presented at 14GHz. It is evident that in the case of the two 
coupled slots a more uniform near field distribution is obtained than in the case of the single 
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slot. This effect is particularly advantageous in the case of the FP antennas studied in section 
3.3.2, as it contributes to a significant enhancement of the overall antenna directivity.      
 
Fig. 3.3.3 Cross section of the electric field distribution (YZ plane) for the ground plane with 
one (top) and two (bottom) slots. 
3.3.2 Antenna Design 
3.3.2.1 Double-Layer Antenna 
Initially, a double layer PRS antenna is designed. Two periodic PRS layers are used, printed 
on a 1.6mm thick dielectric substrate (Taconic TLY–5) with relative permittivity of 2.2. 
Following the same procedure as the one explained in 3.1.1 and 3.2.1, the layers are placed in 
front of a ground plane forming two air cavities of approximately half wavelength each. The 
complete structure is similar to the one presented in Fig. 3.3.1 (a) with two PRS layers instead 
of three. The elements and their dimensions as well as the cavity distances are as described in 
section 3.1.1. The antenna is fed by two rectangular sub-wavelength slots on a ground plane. 
A 50Ω microstrip line is used to excite the slots, printed on a same thickness substrate. The 
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two slots are etched on the ground plane which lies on the other side of the substrate (Fig. 
3.3.1b, c) as explained in Section 3.3.1.  
The complete antenna structure was simulated in CST Microwave Studio. Both the single slot 
and the dual-slot feeding structures have been incorporated with the multi-layer antenna for 
comparison. The S11 response for the single slot feeding is shown in Fig. 3.3.4 (a). It can be 
seen that the S11 is below -10dB from 13.6GHz to 15.2GHz. The S11 response for the 
optimised dual-slot feeding is also presented in Fig. 3.3.4 (a). With the proposed dual-slot 
technique, the S11 remains below -10dB within a much broader frequency range compared to 
the single-slot feeding and covers the entire antenna operating bandwidth. Moreover from Fig. 
3.3.4 (b), it can be observed that the gain and directivity of the antenna are also improved with 
the dual-slot feeding, achieving a maximum gain of around 18.7dBi at 14.5GHz, compared to 
17.1dBi for the single slot case. Also, the difference between the directivity and gain is less in 
the case of the dual-slot feeding due to the improved matching performance. The -3dB 
directivity-bandwidth of the antenna is around 12.2%. 
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(b)                                                        
Fig. 3.3.4  Comparison between one and two microstrip fed slots as primary source of the 
double layer PRS antenna in terms of (a) S11 and (b) Realized Gain and Directivity. 
3.3.2.2 Three-Layer Antenna 
Three optimised PRS layers are employed next, to achieve a more broadband antenna 
performance. The layers are placed again in front of a ground plane forming three air cavities 
of approximately half wavelength each (Fig. 3.3.1a). The dimensions of the unit cells as well 
as the distances between the layers are the ones used in the optimised three layer PRS 
described in section 3.1.2.  
The S11 response for the case of single slot feeding is shown in Fig. 3.3.5 (a). It is evident that 
the achieved -10dB matching does not cover all the desired frequency range, causing a 
deterioration of the realized antenna gain (Fig. 3.3.5b). The introduction of the second slot 
yields a more broadband input matching that covers all the operational frequency range. From 
Fig. 3.3.5 (a) it can be seen that for this case the S11 is below -10dB from 13.6GHz to 
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17.4GHz. Moreover from Fig. 3.3.5 (b), it can be observed that there are very small 
discrepancies between the directivity and the gain in the case of the two slots, as expected. In 
comparison, for the single slot feeding the difference between the directivity and gain is 
increased, especially at higher frequencies with a maximum of about 2dB, due to the poor 
matching at frequencies higher than 15.1GHz. The complete dual-slot-fed antenna structure 
achieves a maximum gain of around 19dBi (Fig. 3.3.5b) with a -3dB directivity bandwidth of 
16%. It is interesting to note that, as in the case of the double-layer PRS antenna, the dual-slot 
feeding not only improves the input matching but it also increases significantly the antenna 
directivity. 
In order to further investigate the directivity enhancement due to the dual-slot feeding 
mechanism, the electric near-field distribution for the three layer antenna with one and two 
feeding slots is shown in Fig. 3.3.6, providing a better insight of the dual-slot operation. For 
brevity, we present the YZ cross section of the field distribution only at 14GHz and 15GHz. It 
can be observed that the field distribution is significantly improved (i.e. becomes more 
uniform) with the proposed feeding technique compared to the single slot at both frequencies 
as expected from the investigation of the feeding structures. This explains the significant 
directivity enhancement of more than 3dBs at frequencies over 15GHz (Fig. 3.3.5b). 
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 (b) 
Fig. 3.3.5  Comparison between one and two microstrip fed slots as primary source of the 
three layer PRS antenna in terms of (a) S11 and (b) Realized Gain and Directivity. 
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  (a)                                 (b) 
 
(c)                                  (d) 
Fig. 3.3.6  Cross section of the electric field distribution (YZ plane) for the three layer antenna 
(a) One slot at 14GHz, (b) Two slots at 14GHz, (c) One slot at 15GHz and (d) Two slots at 
15GHz. 
3.3.3 Measurements 
A prototype of the proposed antenna has been fabricated and measured in a full anechoic 
chamber (Fig. 3.3.7). Plastic screws and spacers were used for the mounting of the antenna. 
The simulated and measured S11 of the antenna is presented in Fig. 3.3.8 (a). An S11 below -
10dB is achieved within the -3dB gain bandwidth of the antenna which is around 15%. The 
measured gain with a maximum value of 18.7dB is shown in Fig. 3.3.8 (b) and agrees well 
with the simulation results. The small discrepancy between simulations and measurements is 
attributed to fabrication tolerances. The H- and E-plane patterns where measured in three 
different frequencies within the operating band. Simulated and measured results are presented 
in Fig. 3.3.9. In all frequencies good agreement has been achieved. 
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Fig. 3.3.7 Photograph of the fabricated prototype (three PRS layers, assembled antenna and 
both sides of ground plane). 
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(b) 
Fig. 3.3.8 Comparison between measurement and simulation for the proposed antenna for (a) 
S11 and (b) Realized Gain. 
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14.4GHz H plane
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15.6GHz H plane
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Fig. 3.3.9 Simulated and measured radiation patterns.  
3.4 CONCLUSIONS 
In this Chapter, broadband multi-layer PRS FP antennas have been investigated and 
optimized. Two- and three-layer PRSs with reflection phase increasing with frequency over a 
wide range have been designed and presented. Also, an equivalent circuit model was 
employed successfully for the PRS design. Two high gain broadband Fabry-Perot type 
antennas have been proposed, based on the optimized PRSs. A double layer antenna was 
initially designed as a starting point, achieving a maximum directivity of 19.9dBi with a 3dB 
bandwidth of 10.6%. Then a three-layer PRS FP antenna was proposed with a directivity of 
- - - Sim               Meas 
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20.8dBi at a central operating frequency of 14.5GHz and  a 3dB bandwidth of about 15%, 
outperforming earlier antenna designs based on two–layer PRS. Measured results of a 
fabricated prototype have been presented and are in good agreement with simulation 
predictions. 
Furthermore, a new dual-slot dual-resonant feeding technique for two- and three-layer-PRS 
FP antennas has been presented achieving a broadband matching performance and an 
increased directivity and gain. A maximum antenna gain of around 18.7dBi and 19dBi has 
been achieved for the two- and three-layer antennas respectively with a -3dB directivity 
bandwidth of 12.2% for the two-layer and 16% for the three-layer case. Measured results for a 
fabricated prototype of the three-layer antenna have been presented and are in good agreement 
with simulation predictions. 
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CHAPTER 4 
DISPERSION ANALYSIS OF MULTI-LAYER LEAKY-WAVE 
ANTENNAS 
 
Planar leaky-wave antennas (LWA) have attracted a lot of interest since they can achieve high 
directivity performance and moreover they are suitable for beam-scanning applications due to 
their inherent dispersive properties [1].  As explained in Chapter 2.3, leaky wave theory can 
be employed to analyze Fabry-Perot type antennas, implemented by placing a Partially 
Reflective Surface (PRS) in front of a ground plane creating a Fabry-Perot type cavity (FPC) 
[2, 3]. Furthermore, it has been proven from the work presented in Chapter 3, that the use of 
multiple PRS layers produces directivity-bandwidth product enhancement in antennas of this 
type. This raises the question of how many layers can be added, in order to achieve the 
maximum directivity-bandwidth product and what are the limitations of these antennas. 
In order to address this issue and also to provide a thorough understanding of the multi-layer 
FPC antenna operation, a leaky-wave analysis is developed in this chapter to study the 
dispersion characteristics of the antennas employing full wave analysis tools. The analysis of 
the structure is based on periodic full wave simulations using commercial software (CST 
Microwave StudioTM). Initially, reciprocity is applied to estimate the far field response of the 
antennas by measuring the electric field strength in the middle of the first cavity of the 
structure’s unit cell upon a plane wave illumination. This technique has been also employed in 
[4, 5] where Method of Moments (MoM) spectral domain analysis combined with reciprocity 
is employed to extract the radiation patterns of a double layer Fabry-Perot LWA. Then a 
dipole source is used to excite the cavity modes and extract the complex propagation constant 
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of the leaky modes. In both cases periodic boundary conditions are applied to reduce the 
calculations. Moreover, a simple and rigorous analysis procedure using array theory is 
employed to validate the complex leaky-mode propagation constant values derived from the 
full wave simulations. Finally, finite size antennas based on the results of the periodic analysis 
are presented achieving a broadband directivity response.  
4.1 ANALYSIS OF SUPPORTED MODES USING RECIPROCITY 
The structures under investigation in this Chapter are essentially the same type as the ones 
studied in Chapter 3. They consist of multiple layers of periodic metallodielectric Partially 
Reflective Surfaces (PRS) placed over a ground plane forming air cavities of about half 
wavelength each. More specifically double layer and three layer FPC type leaky wave 
antennas are being studied. Since the proposed structures are considered periodic, full wave 
periodic analysis is employed in commercial simulation software (CST Microwave StudioTM) 
to estimate the directivity performance of the antennas through measuring the near field inside 
the first cavity of the unit cell of the respective structure and using the reciprocity principle as 
explained in Chapter 2. 
4.1.1 Double-Layer PRS   
The structure shown in Fig. 4.1.1 (a) consists of two PRS layers printed on a dielectric 
substrate of permittivity εr=2.2 and thickness 1.6mm, placed above a ground plane. Each of 
the two formed air cavities is approximately half a wavelength thick at the operational 
frequency which is 14GHz. In particular, the different cavity heights are h1=11.3mm and h2= 
11mm. Square metallic patches are chosen for this configuration as shown in Fig. 4.1.1 (b).  
The periodicity of both layers is P=11mm and the dimensions of the elements are d1=10mm 
in PRS1 and d2=6mm in PRS2. A dipole source is used as an excitation placed in the middle of 
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the cavity between the ground plane and PRS1. Periodic boundary conditions are employed, 
so a single unit cell is analyzed instead of the complete structure. A good estimation of the 
antenna’s performance can be made by calculating the magnitude of the x-component of the 
electric field at the centre between the ground plane and the first PRS under x-polarized 
normal plane wave incidence. By reciprocity, this is proportional to the far-field intensity at 
broadside as explained in Chapter 2.3.2.  
h2
h1
PRS2
PRS1
Ground plane
Excitation
x
z
y
            
P
di
x
y
z
 
(a)                                                   (b) 
Fig. 4.1.1 (a) Cross section of the double layer Fabry-Perot cavity unit cell, (b) Unit cell of the 
square patch PRS. 
In Fig. 4.1.2, the near-field electric field strength is plotted for frequencies between 12GHz 
and 15GHz. As mentioned earlier this is proportional to the far field radiation intensity. Two 
peaks appear attributed to the two resonant modes of the structure at 13.5GHz and 14GHz. It 
can be observed that the second mode is more strongly excited than the first. The total 
radiated power of the antenna (i.e. the denominator of equation 2.3-4) at low frequencies 
(below 13.7GHz) is reduced since at these frequencies the resonant leaky mode of the cavity 
is close to cut off and thus weakly excited. Consequently, this response of the electric field 
strength differs to the antenna’s directivity, which must be calculated by (2.3-4) and it will 
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result in a more flat response with frequency. Thus all the dimensions of the structure 
mentioned earlier, have been chosen accordingly to achieve this desired response. 
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Fig. 4.1.2 Magnitude of Ex in the centre of the unit cell between the ground plane and PRS1 of 
the proposed structure. 
4.1.2 Three-Layer PRS 
Subsequently, the three-layer structure is investigated. The structure is shown in Fig.4.1.3 and 
consists of three PRS layers printed on a dielectric substrate of the same permittivity and 
thickness as the PRSs of the double-layer structure. Three air cavities are formed in this case, 
each being approximately half wavelength thick at 14GHz. Namely, the different cavity 
heights are h1=11.17mm, h2= 10.46mm and h3=11.65mm. Again, square metallic patches are 
chosen for this configuration.  The periodicity of all three layers is 11mm and the dimensions 
of the elements are d1=10.57mm in PRS1, d2=8.77mm in PRS2 and d3=5.52mm in PRS3. The 
dipole source used as an excitation in the middle of the cavity between the ground plane and 
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PRS1 is also illustrated in Fig. 4.1.3. Periodic boundary conditions are employed, in the 
simulation software. The magnitude of the x-component of the electric field is calculated at 
the centre between the ground plane and the first PRS under x-polarized normal plane wave 
incidence. As mentioned in the previous subsection, by reciprocity, the calculated electric 
field is proportional to the far-field intensity at broadside.  
The near-field electric field strength is plotted in Fig. 4.1.4 for frequencies between 12GHz 
and 15GHz. From the figure it can be observed that three peaks appear as expected, attributed 
to the three resonant modes of the structure. The peaks occur at 12.8GHz, 13.7GHz and 
14.1GHz. Similarly to the case of the double layer structure, the second and third modes are 
more strongly excited than the first. 
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Fig. 4.1.3 Cross section of the three layer Fabry-Perot cavity unit cell. 
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Fig. 4.1.4 Magnitude of Ex in the centre of the unit cell between the ground plane and PRS1 of 
the proposed structure. 
A visualisation of the exited modes inside the three cavities can be seen in Fig. 4.1.5. The 
electric fields are presented for three frequencies corresponding to the three resonant modes. 
For the first mode at 12.8GHz (Fig. 4.1.5a), the fields in the first and second cavities starting 
from the ground are antiparallel and similarly the fields in the second and third cavities are 
also antiparallel. Moreover, the fields are stronger in the second cavity compared to the other 
two. For the second mode at 13.7GHz the fields are stronger at the first cavity and antiparallel 
with the fields at the other two cavities which are more weakly excited (Fig. 4.1.5b). Finally, 
the fields for the third mode at 14.1GHz are shown in Fig. 4.1.5 (c). The fields are parallel in 
the first two cavities with the first cavity being more strongly excited while the third cavity 
does not have a significant contribution to the overall electric field strength of this mode.   
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(a) 
 
(b) 
 
(c) 
Fig. 4.1.5 Electric field strength inside the three resonant cavities with the ground plane at the 
right hand side at (a) 12.8GHz, (b) 13.7GHz, (c) 14.1GHz. The three PRS layers are shown in 
light blue.  
4.2 DISPERSION ANALYSIS 
The main information about the operation of leaky wave antennas can be provided by 
investigating the complex wavenumber, k, of the leaky-modes. As explained in Chapter 2.3.1, 
the real part of k is the propagation constant β. When β < k0, fast waves are supported, i.e. the 
wave velocity is larger than the speed of light.  The angle of the radiated leaky-wave beam is 
related to β and can be calculated from the equation (2.3-2). Obtaining the values of β will 
97 
 
give an estimation of the angle of the main radiated beams corresponding to the different 
modes. On the other hand, α is the imaginary part of k and is referred to as the attenuation 
constant. Knowledge of the values of α, gives information about the beamwidth of the 
radiated beam for the corresponding leaky mode. 
In the past, the dispersion analysis and characterization of periodic LWAs has been carried 
out [6-8]. However the full wave dispersion analysis techniques that have been developed 
thus far are limited to a single layer periodic PRS. In this Chapter, a full wave dispersion 
characterization of multi-layer periodic FPC type structures is being presented for the first 
time. The values of β are extracted from simulations of the unit cell of the structure applying 
periodic boundary conditions along the x and y axis. A phase difference is introduced between 
the boundaries along the x axis in order to study the dispersion properties in this direction. 
The phase is varied from 0 deg to 180 deg with a step of 10 deg to account for different values 
of β. A small dipole source (see Fig. 4.1.1a and 4.1.3) in the middle of the first cavity is used 
in order to excite the structure and sample the supported modes which correspond to the 
resonances of the cavities and appear as minima in the S11 response.  
Subsequently, in order to extract the values of α, two consecutive unit cells are designed in the 
simulation software. This is done so that two dipoles can be placed in the first cavity with a 
distance of a period between them as shown in Fig. 4.2.1. The dipoles are employed to sample 
the electric field strength in the two observation points. As explained in [6], the electric field 
strength is attenuated by a factor of Pe  , where P is the periodicity of the unit cell. Thus, the 
values of α can be extracted from the ratio of the two sampled electric field strengths (4.2-1) 
applying periodic boundary conditions and varying the phase shift between them. It should be 
pointed out here that the applied phase shift at the boundaries has to be double the one used 
for the extraction of β due to the fact that two unit cells are used. 
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Fig. 4.2.1 Field sampling points one spatial period apart from each other for the calculation of 
the attenuation constant with (4.2-1) for the three layer Fabry-Perot cavity structure.  
4.2.1 Double-Layer LWA 
Initially, a dispersion characterization of the double-layer Fabry-Perot structure proposed in 
section 4.1.1 is carried out which reveals the propagation constant for the two leaky modes at 
different frequencies (Fig. 4.2.3). This is carried out employing the technique described 
earlier in this Chapter, i.e. by sampling the cavity resonances using a dipole in the middle of 
the first cavity. A better understanding of the technique can be provided from Fig. 4.2.2 where 
the S11 response of the dipole is depicted for phase shifts between the boundaries of 20
o and 
80o, corresponding to two different values of β. It can be observed that in both cases two 
minima occur corresponding to the two modes. From the dispersion diagram of the 
propagation constant in Fig. 4.2.3, it can be seen that fast waves are supported from the 
structure as expected, since the two modes are located in the leaky region, above the light line. 
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The first mode starts at 13.5GHz while the second at 14GHz. These values agree with the 
peaks that appear in the electric field strength response for normal plane wave incidence 
shown in Fig. 4.1.2. Moreover, the values of β increase with frequency for both leaky modes 
corresponding to radiating beams at higher angles. Subsequently, employing the technique 
described earlier, the attenuation constant values are extracted and depicted in Fig. 4.2.5. For 
example, for the case of 10o between the boundaries, the sampled electric field strength from 
the two dipoles is shown in Fig. 4.2.4. The value of α is then calculated at the frequencies 
where the maxima appear from (4.2-1), substituting E0 and E1 which are the fields sampled 
from the first and second dipole respectively. The values of α are estimated only for angles 
close to broadside, because for higher angle there is strong coupling between the modes 
making their determination challenging. However, the small values of the attenuation constant 
imply that a very large size antenna is required to have significant attenuation of the field at 
the antenna’s edges. Consequently, for a finite size antenna the exact value of α does not 
considerably affect the radiation pattern.  
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Fig. 4.2.2 S11 response versus frequency for two representative cases of phase shifts along the 
x axis showing the minima corresponding to the frequencies of the two leaky modes.  
 
Fig. 4.2.3 Frequency versus propagation constant for the x axis showing the two leaky modes 
supported from the double-layer Fabry-Perot cavity structure.  
101 
 
Frequency,GHz
13.0 13.5 14.0 14.5 15.0
E
le
c
tr
ic
 f
ie
ld
 s
tr
e
n
g
th
,V
/m
500
1000
1500
2000
2500
3000
3500
|Eo|
|E1|
Frequency,GHz
14.200 14.225 14.250 14.275 14.300
E
le
c
tr
ic
 f
ie
ld
 s
tr
e
n
g
th
,V
/m
3300
3320
3340
3360
3380
3400
3420
3440
3460
3480
mode 1
mode 2
 
Fig. 4.2.4 Electric field strength for 10o phase shift between the boundaries, as sampled from 
the two dipoles in the first cavity of the structure for the calculation of the attenuation 
constant. 
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Fig. 4.2.5 Frequency versus normalized attenuation constant for the x axis showing the two 
leaky modes supported from the double-layer Fabry-Perot cavity structure. 
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4.2.2 Three-Layer LWA 
Subsequently, a dispersion characterization of the three-layer Fabry-Perot structure under 
investigation described in section 4.1.2, reveals the complex propagation constant for the 
three leaky modes at different frequencies (Fig. 4.2.6 and 4.2.7). As in the case of the double-
layer structure, fast wave propagation is supported in the proposed configuration. This is 
evident from the dispersion diagram shown in Fig. 4.2.6, since the three modes corresponding 
to the three resonant cavities are located in the leaky region above the light line. The first 
mode starts at 12.8GHz, the second at 13.7GHz and the third at 14.1GHz. For low values of β, 
the three modes are well separated while for higher values of β the second and third modes 
tend to converge. Furthermore, similarly to the double-layer case the attenuation constant 
values are calculated just for small angles and depicted in Fig. 4.2.7. Again, due to the small 
calculated values, a large size antenna is needed in order for the fast waves to significantly 
attenuate reaching the edge of the structure.  
 
Fig. 4.2.6 Frequency versus propagation constant for the x axis showing the three leaky 
modes supported from the three-layer Fabry-Perot cavity structure. 
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Fig. 4.2.7 Frequency versus normalized attenuation constant for the x axis showing the three 
leaky modes supported from the three-layer Fabry-Perot cavity structure. 
4.3 RADIATION PATTERN CALCULATION USING ARRAY FACTOR APPROACH 
As explained in section 2.3.3, at a specific frequency the radiation pattern can be calculated 
using the array factor (equation 2.3.9). For a structure with more than one leaky modes, the 
total radiation pattern is the result of superposition of the leaky-wave radiation of all modes. 
This can give an estimation of the total radiation pattern and thus provide insight for the 
performance as well as the limitations of this type of antennas. For example at higher 
frequencies close to the cut off of the higher order modes, the values of β corresponding to the 
first modes (with lower cut-offs) assume large values. This means that each of these first 
modes will contribute to the total radiation pattern by giving two beams at large angles ±θ, 
where θ will be given by (2.3-6). This effect is common in this type of LWAs as β increases 
and is expected to distort the total radiation pattern, creating high level sidelobes. 
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Therefore, in order to validate the analysis and the results for the complex propagation 
constant presented in sections 4.2.1 and 4.2.2, finite size antennas have been designed and 
simulation results are presented. Two antennas are investigated corresponding to the double 
and three-layer structures that have been analyzed. The antenna shown in Fig. 4.3.1, consists 
of a ground plane, three PRS layers and an ideal dipole feed. The ground plane has been made 
transparent in the figure to make the feeding dipole visible.  A similar structure is designed for 
the double-layer case, employing two PRS layers instead of three. Despite their finite size, 
they are large enough to be approximated with an infinite structure. Thus, a good agreement 
with the infinite analysis results presented in the previous sections is expected. 
 
Fig. 4.3.1 3-D view of the three-layer FPC type finite size antenna with excitation source in 
the middle of the first cavity. 
4.3.1 Double-Layer 
A double-layer finite size antenna has been designed and simulation results are presented in 
this section to validate both the reciprocity and leaky-wave analysis. The antenna consists of a 
ground plane, two PRS layers and an ideal dipole feed. The distances between the layers and 
the dimensions of the square elements in each layer are as described in section 4.1.1, i.e. 
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h1=11.3mm and h2= 11mm, P=11mm, d1=10mm and d2=6mm. The dipole lies in the middle 
of the first cavity (between the ground plane and the first PRS layer). An array of 13x13 
elements is printed on each dielectric layer which corresponds to a size of 7λ x 7λ.  
The complete antenna structure was simulated in full-wave simulation software to extract the 
directivity performance. Due to the size of the proposed design, computational time is very 
long, which is impractical. In order to address this issue, symmetry planes were employed 
reducing the calculations in one quarter of the total structure. A magnetic symmetry plane 
(Ht=0) is introduced in the YZ plane, along the dipole’s length and an electric symmetry plane 
(Et=0) is introduced in the XZ plane vertical to the dipole’s length. Subsequently, the 
directivity is calculated and is shown in Fig. 4.3.2. A maximum of 19dBi is achieved at 
14.3GHz and the 3dB radiation bandwidth is 10.8%. Two peaks appear at 13.4GHz and 
14.3GHz. There is a fluctuation of about 2.5dB making the peaks predominant. The peaks 
correspond to the two resonant leaky modes of the structure as calculated from both the near 
field response and the dispersion analysis. However there is a small frequency shift towards 
high frequencies for the second peak compared to the frequency of the second leaky mode 
(which is 14GHz). This can be attributed to the finite size of the structure. Moreover, it should 
be noted that the first peak is more broadband with the bandwidth decreasing for the second 
one. This is in good agreement with the electric field strength response shown in Fig. 4.1.2.  
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Fig. 4.3.2 Simulated directivity versus frequency of the proposed double-layer antenna. 
The H- and E-plane radiation patterns of the proposed antenna are shown in Fig. 4.3.3 for 
frequencies 13.5GHz, 14.4GHz and 14.6GHz. For each frequency the simulated pattern is 
compared to the pattern calculated from the array factor approach and more specifically from 
(4.3-1) where P the periodicity, and   the angle from the axis of propagation. In this case, the 
total radiation pattern at a specific frequency is the contribution of the two leaky modes, thus 
knowing the values of the complex propagation constant can give us full information of the 
radiation properties at each frequency. It can be observed from Fig. 4.3.3 that good agreement 
has been obtained between full-wave simulation and the array factor approach for N=13 
which is the number of elements of the structure. Moreover, from the pattern at 14.6GHz it is 
evident that a beam splitting effect occurs which is attributed to the high values of β as the 
frequency increases. This behavior is typical for LWA as explained at the beginning of 
section 4.3, but what is more interesting is that from the performed analysis the latter can be 
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predicted without the need of performing full-wave simulations which require high 
computational complexity.    
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(f) 
Fig. 4.3.3 Radiation patterns comparison of the proposed double-layer antenna. H-plane at (a) 
13.5GHz, (c) 14.4GHz and (e) 14.6GHz. E-plane at (b) 13.5GHz, (d) 14.4GHz and (f) 
14.6GHz. 
4.3.2 Three-Layer 
In this section, a finite size antenna for the three-layer structure is presented. The antenna is 
the one shown in Fig. 4.3.1. The antenna consists of a ground plane, the three PRS layers 
investigated in sections 4.1.2 and 4.2.2, and an ideal dipole feed. The distances between the 
layers and the dimensions of the square elements in each layer are as described in Section 
4.1.2, i.e. h1=11.17mm, h2= 10.46mm, h3=11.65mm, P=11mm, d1=10.57mm, d2=8.77mm and 
d3=5.52mm. An array of 13x13 elements is printed on each dielectric layer which corresponds 
to a size of 7λ x 7λ, as in the case of the double-layer antenna.  
The complete antenna structure was then simulated in CST to extract the directivity 
performance and the obtained directivity versus frequency is shown in Fig. 4.3.4. A maximum 
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of 20.4dBi is achieved and the 3dB radiation bandwidth is 15.4%. Three peaks appear at 
12.8GHz, 13.7GHz and 14.2GHz. There is a fluctuation of about 2.5dB making the peaks 
predominant. The peaks correspond to the three resonant leaky modes of the structure as 
calculated from both the near field response and the dispersion analysis. Moreover, it should 
be noted that the first peak is more broadband with the bandwidth decreasing for the second 
and third peak. This is in good agreement with the electric field strength response shown in 
Fig. 4.1.4. Furthermore, although the third mode is shown to be more strongly excited, the 
maximum directivity value corresponds to the first peak. This is attributed to the inverse 
relation between the directivity and the radiated power. The latter is significantly reduced at 
lower frequencies where part of the first resonant mode is below the cut off and fields are 
evanescent. The power then increases as the cavities are more strongly excited resulting in the 
observed broadband directivity response. 
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Fig. 4.3.4 Simulated directivity versus frequency of the proposed three-layer antenna. 
Following the same procedure as in the case of the double-layer structure, the H- and E-plane 
radiation patterns of the proposed antenna are calculated using the array factor approach and 
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compared to the simulated ones in Fig. 4.3.5 for frequencies 13.7GHz, 14.2GHz and 
14.4GHz. In this case the total radiation pattern is calculated from (4.3-2), which corresponds 
to the contribution of the three leaky modes. It is evident from Fig. 4.3.5 that good agreement 
has been obtained between full-wave simulation and the array factor approach. This result 
validates the conclusions derived from the analysis carried out in section 4.2.2. As expected, 
the radiation patterns deteriorate at higher frequencies which can be observed from Fig. 4.3.5 
(c-f). Consequently, the performed analysis provides a full interpretation of the operation of 
multi-layer Fabry-Perot LWAs, and has led to accurate prediction of the radiation patterns 
through the array factor approach.      
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(f) 
Fig. 4.3.5 Radiation patterns comparison of the proposed three-layer antenna. H-plane at (a) 
13.7GHz, (c) 14.2GHz and (e) 14.4GHz. E-plane at (b) 13.7GHz, (d) 14.2GHz and (f) 
14.4GHz. 
4.4 CONCLUSIONS 
In this chapter, the dispersion properties of broadband 2-D multi-layer Fabry-Perot Leaky-
Wave antennas (LWAs) have been presented. The structures under investigation consist of 
two and three PRS layers and a ground plane separated by half wavelength air cavities. Full 
wave periodic analysis has been employed to estimate the directivity performance through 
measuring the near field and using reciprocity. Dispersion analysis of the leaky modes of the 
structure has also been performed extracting the complex propagation constant for the leaky 
modes. A dipole source is used for excitation of the cavity modes and the extraction of their 
complex propagation constant. Finally, finite size antennas have been presented achieving 
broadband directive performance. A validation of the dispersion analysis has also been 
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presented by comparing the radiation patterns at different frequencies as extracted through 
full wave simulations and employing the array factor approach. Good agreement has been 
achieved between the periodic unit cell analysis and the finite size antenna showing that the 
performed analysis provides a full interpretation of the operation of multi-layer Fabry-Perot 
LWAs. 
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CHAPTER 5 
MULTI-LAYER METASURFACES FOR BROADBAND HIGHLY 
DIRECTIVE ANTENNAS 
 
In this Chapter, a new concept for designing broadband and sub-wavelength profile Fabry-
Perot type antennas is introduced. It is based on the use of Artificial Magnetic Conductor 
(AMC) surfaces which are formed from doubly periodic arrays of metallic elements printed 
on a grounded dielectric substrate. Their key property is that they reflect incident 
electromagnetic waves with zero phase shift at a specific frequency [1]. In [2-4] this property 
has been exploited for the first time to achieve a FP antenna of sub-wavelength profile, 
replacing the ground plane with an AMC surface. More recently, a λ/60 profile FPC antenna 
has been proposed employing an AMC ground plane and a combination of an AMC and a 
PRS surface to further reduce the profile [5]. Nevertheless, the above profile reduction 
techniques suffer from a narrowband antenna performance. In this work, a novel multi-layer 
periodic array design is proposed yielding sub-wavelength profile Fabry-Perot cavities that 
significantly enhance the bandwidth performance of the resulting highly-directive antennas. 
Initially, the concept is presented introducing a design based on optimized double-layer 
periodic arrays of dissimilar dimensions, with each double-layer array consisting of a 
capacitive Artificial Magnetic Conductor (AMC) layer and an inductive Partially Reflective 
Surface (PRS) layer printed on either side of a dielectric substrate. They are placed at about 
quarter wavelength distance from a ground plane and from each other creating sub-
wavelength FP type antennas. Subsequently the concept is extended for cavities of λ/6 
thickness and three sub-wavelength antennas are presented for one, two and three double-
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sided periodic arrays placed at about sixth of a wavelength from a ground plane and from 
each other. The proposed antennas are simulated using CST Microwave StudioTM and 
measured. The gain-bandwidth product of the measured prototypes outperforms any previous 
Fabry-Perot antenna design with the same profile.  
The effective material parameters of the proposed multilayer metasurfaces are also calculated 
using a well known parameter retrieval technique. The parameters are extracted using the 
reflection and transmission characteristics of the metasurfaces yielding a broadband ε-near 
zero (ENZ) and near zero index (NZI) effect. This demonstrates that our proposed design 
concept can be used to develop broadband ENZ metamaterials. 
5.1 DESIGN OF PERIODIC AMC-PRS ARRAYS  
A novel multi-layer periodic array design is proposed yielding two sub-wavelength profile 
Fabry-Perot cavities that significantly enhance the bandwidth performance of the resulting 
low profile antenna (Fig. 5.1.1a). Two double layer arrays of dissimilar dimensions are 
designed, each one consisting of an AMC and a PRS surface printed on either side of a 
dielectric substrate. They are placed at about quarter wavelength from a ground plane and 
from each other. Thus, two quarter-wave air cavities are created with a total profile of about 
λ/2. The elements on both AMC and PRS surfaces are sub-wavelength and not resonant in the 
frequency range of interest. A dipole, placed in the middle of the first cavity, is used as a 
primary source. A periodic analysis at unit cell level is initially carried out to extract and 
optimise the reflection characteristics of the surfaces. A finite size antenna employing the 
optimized multi-layer surfaces is simulated and presented in order to validate the advantages 
of the proposed design. 
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(b) 
Fig. 5.1.1 (a) Schematic diagram of the proposed antenna (dimensions are not to scale), (b) 
PRS array (left) and AMC array (right).     
5.1.1 Unit Cell Design of AMC-PRS 
5.1.1.1 Single-Layer AMC-PRS 
Initially, a single layer AMC-PRS structure is being studied. The AMC and PRS arrays are 
printed on both sides of a 1.5mm thick dielectric substrate with εr=2.2. The AMC array is 
formed by square metallic patches with a periodicity p=5.5mm, while the PRS array is formed 
by square apertures with the same periodicity, shifted with respect to the AMC array by p/2 in 
x and y-axis. The unit cell dimensions are shown in Fig. 5.1.1 (b) for the bottom (AMC) side 
and for the top (PRS) side, with dp=3mm and da=4mm.  
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The basic concept of the investigated design is to achieve a near zero reflection phase for the 
desired operating frequency, with high reflection magnitude values. It is worth reminding here 
that high reflection magnitude values are required to obtain highly directive antennas. The 
reflection phase is controlled predominately by the dimensions of the AMC while the 
magnitude by the aperture size of the PRS. Therefore the dimensions of the unit cell have 
been carefully selected to obtain a reflection phase of zero degrees at 14GHz. Periodic 
boundary conditions are applied in the simulation software, assuming an infinite structure and 
the extracted reflection characteristics are presented in Fig. 5.1.2.  It can be observed that high 
values of magnitude are obtained due to the highly reflective PRS. From the equation (2.1-8), 
substituting 
R  with zero degrees, the resulting cavity thickness is λ/4 which for 14GHz is 
5.36mm. 
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Fig.5.1.2 Reflection magnitude and phase of single layer AMC-PRS.  
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5.1.1.2 Double-Layer AMC-PRS 
In this section, a multi-layer array structure is designed employing two pairs of composite 
AMC-PRS surfaces (Fig. 5.1.1). Again, the AMC and PRS arrays are printed on both sides of 
a 1.5mm thick dielectric substrate and the periodicity of the arrays is the same as in the case 
of the single-layer AMC-PRS structure, i.e. p=5.5mm. Initially the first AMC-PRS array is 
designed as explained in the previous section, such that high reflection magnitude values and 
a close to zero reflection phase are obtained for normal plane wave incidence from the AMC 
side. Next, a second double-layer array is added over the first one (Fig. 5.1.3). The resonance 
condition for the formed cavity with thickness h2 (Fig. 5.1.3), is written in (5.1-1) where 1R  
and 
2R  are the reflection coefficient phases as shown in the figure under normal incidence. 
The dimensions of the double-layer arrays are designed to achieve reflection phases 
1R  and 
2R respectively that satisfy (5.1-2) for a cavity thickness h2 of about λ/4 at 13.7GHz.  
Periodic boundary conditions are applied to the unit cell of the structure in CST Microwave 
Studio, assuming an infinite structure, and the reflection coefficients are extracted. The 
dimensions are shown in Fig. 5.1.3 with dp1=3.4mm, dp2=3.7mm, da1=da2=4mm and 
h2=4.8mm. These dimensions are chosen after investigation based on the previous analysis. 
The phase (
1R ) and magnitude of the reflection coefficients under normal incidence at PRS1 
(first layer) are presented in Fig. 5.1.4. High magnitude values are obtained, while the 
reflection phase is 169o at 13.7GHz. The complex reflection coefficient at AMC2 is shown in 
Fig. 5.1.5. It can be observed that the reflection phase 
2R  is equal to -15
o at 13.7GHz. 
Substituting these values of 
2R and 1R  in (5.1-2) results in a cavity thickness h2 equal to 
4.98mm, which is close to quarter wavelength and to the value that has been selected. 
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Then, the complex reflection coefficient of the multi-layer structure for normal incidence at 
AMC1, is presented in Fig. 5.1.6. The reflection phase 1R  is zero at 13.7GHz. Moreover, a 
phase increase is observed around zero degrees between 13.5GHz and 13.9GHz. Based on a 
ray optics analysis explained in Chapter 2.1, for a maximum directivity within a certain 
frequency range, a linearly increasing with frequency phase response is required. The 
theoretical ideal phase derived from ray theory is also included in the graph. It is expected that 
at the frequencies where the two phase responses intersect, the directivity will be maximum. 
Finally, the multi-layer structure is placed over a ground plane and a primary source (dipole). 
The first cavity thickness is set at h1=5.5mm (Fig. 5.1.1a) which is λ/4 at 13.7GHz, where the 
reflection phase is equal to zero. This will produce a dual quarter-wave resonant cavity 
antenna with a total profile of about λ/2.  
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Fig. 5.1.3 Unit cell of the multi-layer structure. 
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Fig. 5.1.4 Reflection magnitude and phase at PRS1. 
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Fig. 5.1.5 Reflection magnitude and phase at AMC2. 
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Fig. 5.1.6 Reflection magnitude and phase of the multi-layer AMC-PRS. 
5.1.2 Finite Size Antennas 
Based on the conclusions from the unit cell analysis in section 5.1.1.1, a finite size antenna is 
designed. It consists of employing the single-layer AMC-PRS array placed at distance 
h1=5mm from a ground plane with 80 mm x 80 mm overall dimensions. The dimensions of 
the elements are as described in 5.1.1. An ideal dipole has been used as excitation. The 
antenna structure resembles the one depicted in Fig. 5.1.1, but with only one composite AMC-
PRS layer instead of two. The simulated directivity versus frequency is presented in Fig. 
5.1.7. A maximum of 18dBi is achieved at 14.3GHz. Although it is a finite size structure, the 
operation frequency agrees well with the ray analysis.   
126 
 
Frequency,GHz
13.6 13.8 14.0 14.2 14.4 14.6 14.8 15.0
D
ir
e
c
ti
vi
ty
,d
B
i
6
8
10
12
14
16
18
20
 
Fig. 5.1.7 Directivity vs frequency for the single layer finite size antenna. 
Subsequently, a finite size antenna has been implemented based on the analysis of section 
5.1.1.2, employing two double-layer AMC-PRS structures over a ground plane as shown in 
Fig. 5.1.1 (a). The overall lateral dimensions of the structure are again 80mm x 80mm, while 
the cavity distances and the dimensions of the periodic elements are those mentioned in 
5.1.1.2. The profile of the antenna is thus h1+h2 plus 3mm which is the total thickness of the 
two dielectric substrates. So in total, the antenna profile is 13.3mm, which is just over λ/2 at 
the central frequency 13.7GHz. An ideal dipole has been used as excitation, placed in the 
middle of the first cavity. The simulated directivity versus frequency is presented in Fig. 
5.1.8. Two peaks occur in the directivity which correspond approximately to the two 
intersection points between the reflection phase of the optimised multi-layer array and the 
ideal phase satisfying the resonant condition (see Fig. 5.1.6). A maximum of 18.3dBi is 
obtained at 14.05GHz. A broadband performance is achieved with a 3-dB radiation bandwidth 
of 8%. The simulated H- and E-plane radiation patterns are shown in Fig. 5.1.9 for four 
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frequencies within the operational bandwidth of the antenna. Good sidelobe level (below -
10dB) is observed with the patterns deteriorating as the frequency increases which is a typical 
behaviour in leaky wave antennas.  
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Fig. 5.1.8 Directivity vs frequency for the proposed multi-layer AMC-PRS antenna.  
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(a)                                                            (b) 
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f=13.7GHz
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f=14.1GHz
Theta,Degrees
-150 -100 -50 0 50 100 150
N
o
rm
a
liz
e
d
 A
m
p
lit
u
d
e
,d
B
-30
-25
-20
-15
-10
-5
0
H plane
E plane
 
(c)                                                            (d) 
Fig. 5.1.9 Simulated H- and E-plane radiation patterns at (a) 13.2GHz, (b) 13.4GHz, (c) 
13.7GHz and (d) 14.1GHz. 
5.1.3 Fabrication and Measurements 
In order to fabricate and measure a prototype of the proposed sub-wavelength antenna, a 
practical feeding has been implemented. The two optimized composite double-layer AMC-
PRS were then employed to design a finite size antenna as explained earlier but with a 
different feeding structure (Fig. 5.1.10). The feeding technique that has been initially 
introduced in Chapter 3.3 is used to excite the antenna comprising a dual slot at the ground 
plane, fed by a microstrip line. The feeding structure is dual resonant, resulting in a wideband 
matching. The dimensions of s1 are 17.5mm x 1mm and of s2 9.4mm x 1.5mm. Moreover 
from Fig. 5.1.10 (b), a=37.2mm and b=42.8mm while the length and width of the microstrip 
line are l=50.5mm and w=4.8mm respectively. 
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Fig. 5.1.10 (a) Schematic diagram of the proposed antenna (dimensions are not to scale) and 
(b) back and front view of ground plane with the microstrip line and slots.     
The simulated gain of the antenna is presented in Fig. 5.1.11. A maximum gain of 16.1dBi is 
obtained at 13.5GHz. A broadband performance is achieved with a 3-dB gain bandwidth of 
8.7%. The simulated S11 is also shown in the figure. Two minima occur at 13.46GHz and 
14.1GHz due to the dual resonant feeding. It can be seen that the S11 is satisfactory across the 
antenna radiation bandwidth. 
In order to validate the simulation results, a prototype of the proposed antenna was fabricated 
and experiments were carried out to measure the antenna’s performance. Plastic spacers have 
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been used to define the air cavities between the AMC-PRS surfaces and the ground plane. The 
measured gain and S11 are also included in Fig. 5.1.11. A maximum gain of 16.9dBi has been 
measured with a 7.3% 3dB-bandwidth while the antenna’s matching is well below -10dB 
from 13.65GHz to 14.55GHz. It can be observed that, the antenna’s operation is slightly 
shifted towards higher frequencies compared to the simulated one. This discrepancy is 
attributed to fabrication tolerances of both the cavity thicknesses and the feeding slots 
dimensions. The simulated and measured H- and E-plane radiation patterns are shown in Fig. 
5.1.12 for four frequencies across the operational bandwidth of the antenna. For the measured 
patterns at each frequency, an angular resolution of 1o was obtained. Highly directive patterns 
and low sidelobe level is observed in both planes at the measured frequencies. Good 
agreement with the simulation results is obtained. An asymmetry is evident for both simulated 
and measured E-plane patterns, which is caused by the asymmetrical feeding at this plane 
(YZ). Nevertheless the patterns in both planes demonstrate a directive emission. 
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Fig. 5.1.11 Comparison of simulated and measured gain and S11 for the proposed multi-layer 
AMC-PRS antenna.     
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f=13.7GHz-H plane
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f=13.7GHz-E plane
Theta,Degrees
-80 -60 -40 -20 0 20 40 60 80
N
o
rm
a
liz
e
d
 A
m
p
lit
u
d
e
,d
B
-25
-20
-15
-10
-5
0
Measurement
Simulation
 
f=14.2GHz-H plane
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f=14.4GHz-H plane
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(a)                                                        (b) 
Fig. 5.1.12 Comparison between simulated and measured (a) H- and (b) E-plane radiation 
patterns at 13.4GHz, 13.7GHz, 14.2GHz and 14.4GHz. 
5.2 DESIGN OF PERIODIC AIS-PRS ARRAYS FOR  /6 CAVITY 
In this section we extend the concept of multilayer sub-wavelength profile FP antennas for 
further profile reduction keeping the increased bandwidth performance. Three double-sided 
arrays are employed each one consisting of an Artificial Impedance Surface (AIS) and a PRS 
surface with sub-wavelength unit cell dimensions printed on either sides of a dielectric 
substrate. The term AIS is used to differentiate from the AMC due to the fact that an AIS 
exhibits reflection phase values other than 0 degrees. Hence, after optimising their phase 
response, they are designed here to create λ/6 air cavities instead of λ/4. The design of the 
multilayer AIS-PRS structure is initially being studied and then three sub-wavelength finite 
size FP antennas are investigated using a single-layer, a double-layer and a three-layer AIS-
PRS respectively, fed by the two optimised microstrip-fed slots that were used in the λ/4 case.  
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(c)  
Fig. 5.2.1 (a) Schematic diagram of the proposed antenna (dimensions are not to scale), (b) 
top (PRS array) and bottom (AIS array) view of the unit cell, (c) back and front view of 
ground plane with the microstrip line and slots.    
5.2.1 Unit Cell Design of AIS-PRS 
5.2.1.1 Single-Layer AIS-PRS 
Initially a single layer AIS-PRS structure is designed. The AIS and PRS arrays are printed on 
both sides of a 1.55mm thick dielectric substrate with εr=2.2. The AIS array is formed by 
square metallic patches with a periodicity p=5.5mm, while the PRS array is formed by square 
apertures with the same periodicity, shifted with respect to the AIS array by p/2 in x and y-
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axis. The unit cell dimensions are shown in Fig. 5.1.1 (b) for the bottom (AIS) side and for the 
top (PRS) side, with dp=3mm and da=4.4mm. In order to create a λ/6 cavity, the reflection 
phase of the structure 
R  has to satisfy (2.1-8) for h=λ/6 (π is the phase introduced by the total 
reflection at the ground), i.e. to be -60o at the desired operating frequency, with high reflection 
magnitude values to achieve a high directivity antenna. Therefore the dimensions of the unit 
cell have been carefully selected to obtain the required reflection phase at 14GHz. Periodic 
boundary conditions are applied in the simulation software, assuming an infinite structure to 
extract the reflection coefficients. The simulated reflection characteristics are presented in 
Fig. 5.2.2. It can be observed that high values of magnitude are obtained due to the highly 
reflective PRS and a reflection phase of -60o is obtained at 14GHz.   
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Fig. 5.2.2 Reflection magnitude and phase of single layer AIS-PRS.   
5.2.1.2 Double-Layer AIS-PRS 
Next, the concept of the sub-wavelength profile antenna is extended for multilayer structures. 
In this section, a double layer structure is designed employing two composite surfaces of AIS-
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PRS. Initially the first layer is designed following the procedure that was followed for the 
design of the single AIS-PRS layer. The dimensions are chosen such that high reflection 
magnitude values and a reflection phase of -60o are obtained. Next, a second layer is added at 
λ/6 distance from the first one. The resonance condition (5.1-1) for the second cavity is 
derived from (2.1-8) after replacing the reflection phase π from the ground plane with 
1R  
which is the reflection phase at the first layer from the PRS side. In this case, the reflection 
phase at the second layer from the AIS side is 
2R  (Fig. 5.2.3). Since 1R  is replacing the full 
reflection from the ground plane, the PRS of the first layer should be designed to achieve a 
phase of around π (180o).  Substituting h2 with λ/6 in (5.1-2), the value of 2R  can be 
calculated. For N=1 and 
1R =172
o, it can be extracted that 
2R  should be -68
o at the operational 
frequency for the equation to be satisfied.  
Periodic boundary conditions are then applied to the unit cell of the multilayer structure and 
the reflection coefficients are extracted. The dimensions are shown in Fig. 5.2.3 with 
dp1=3mm, dp2=3.6mm, da1=da2=4.4mm and h2=3.6mm. Furthermore the thickness of the first 
cavity is h1=4mm. These dimensions are chosen after investigation, in order to obtain the 
desired values for the reflection phases 
1R , 2R  and 1R . The phase and magnitude for 
reflection at the PRS1 (first layer) are presented in Fig. 5.2.4. High magnitude values are 
obtained, while the reflection phase 
1R  is stable at 172
o around the resonant frequency. For 
the second layer, the complex reflection coefficient at the side of AIS2 is shown in Fig. 5.2.5. 
It can be observed that the reflection phase 
2R  is -70
o around 14GHz. Inserting the values of 
1R  and 2R  for f=14GHz at (5.1-2) the cavity distance is h2=3.51mm which is in good 
agreement with the actual value that has been used. Finally, the complex reflection coefficient 
for incidence at AIS1, including the complete double layer unit cell in the simulation, is 
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presented in Fig. 5.2.6. It should be noted at this point that the selection of the aperture size of 
the PRSs has been such that a phase increase would be achieved in the frequency range of 
operation. Indeed, from Fig. 5.2.6 it can be observed that a phase increase occurs for 
1R , 
between 13.6GHz and 13.8GHz. The theoretical phase derived from (2.1-8) for h1=4mm is 
also included in the graph. Moreover, the reflection phase 
1R  is -50
o at 13.7GHz, resulting in 
a cavity thickness of h1=3.95mm from the ray optics analysis, which again is close to the 
actual value that has been used for the design.  
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Fig. 5.2.3 Unit cell of the double layer structure. 
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Fig. 5.2.4 Reflection magnitude and phase at PRS1. 
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Fig. 5.2.5 Reflection magnitude and phase at AIS2. 
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Fig. 5.2.6 Reflection magnitude and phase of the double layer AIS-PRS. 
5.2.1.3 Three-Layer AIS-PRS 
Based on the conclusion extracted from the analysis in Section 5.2.1.2, the concept is further 
extended to the design of three composite AIS-PRS layer sub-wavelength profile antenna. It 
must be emphasized that all three AIS-PRS layers in this design are different from the double-
layer structure presented in the previous section. The unit cell of the structure is shown in Fig. 
5.2.7. Again the first two layers are designed to satisfy (5.1-1) and (5.1-2) as described in the 
previous sections. For the third layer the dimensions are chosen such that the reflection phase 
3R  will result in a cavity of h3= λ/6 at the central frequency. The new optimised dimensions 
are dp1=3.5mm, dp2=3.1mm, dp3=4.3mm, da1=da2=da3=4.4mm, h2=3.9mm and h3=2.64mm 
(Fig. 5.2.7).  Also, the first cavity thickness h1 is set at 3.65mm (Fig. 5.2.1a).  
Periodic boundary conditions are applied to the unit cell of the structure and the reflection 
characteristics are calculated. For incidence at PRS1, the magnitude and phase of the 
reflection coefficients are presented in Fig. 5.2.8. For incidence at the AIS2 (second layer) the 
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reflection magnitude and phase are presented in Fig. 5.2.9. It can be seen from Fig. 5.2.8 and 
Fig. 5.2.9 that the reflection phases 
1R  and 2R  at 13.7GHz, are 171
o and -53o respectively. 
These values correspond to a cavity thickness h2=4.13mm which is close to the optimised one. 
In Fig. 5.2.10 and Fig. 5.2.11, the reflection coefficients for incidence at PRS2 and AIS3 are 
depicted respectively. In this case, the reflection phases 
2R  at 13.7GHz is 188
o, while 
3R =-
90o at the same frequency. Substituting these values in the resonance condition for the third 
cavity, gives h3=2.5mm. Finally, the reflection coefficients of the complete structure, for 
incidence at the first layer (AIS1) are shown in Fig. 5.2.12. It can be observed that a double 
reflection phase increase with frequency is obtained for 
1R  from 13.1GHz to 14.2GHz. The 
theoretical ideal phase for h1=3.65mm is again included in the graph. The obtained phase 
follows closely the ideal phase indicating that a more broadband antenna performance for this 
optimised three layer structure is expected. Moreover, the reflection phase 
1R  is -65
o at 
13.7GHz, giving a cavity thickness of h1=3.5mm which determines the distance from the 
ground plane (Fig. 5.2.1a).  
1R
2R
3R
1R
2R
2/ad
3pd
2pd
1pd
2h
3h
 
Fig. 5.2.7 Unit cell of the three layer structure. 
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Fig. 5.2.8 Reflection magnitude and phase at PRS1. 
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Fig. 5.2.9 Reflection magnitude and phase at AIS2. 
141 
 
Frequency,GHz
10 11 12 13 14 15 16
M
a
g
n
it
u
d
e
,d
B
-30
-25
-20
-15
-10
-5
0
P
h
a
s
e
,D
e
g
re
e
s
120
140
160
180
200
220
240
Magnitude
Phase
 
Fig. 5.2.10 Reflection magnitude and phase at PRS2. 
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Fig. 5.2.11 Reflection magnitude and phase at AIS3. 
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Fig. 5.2.12 Reflection magnitude and phase of the three layer AIS-PRS. 
5.2.2 Finite Size Antennas 
Based on the conclusions from the previous section, three sub-wavelength finite size antennas 
are designed: a single-layer AIS-PRS, a double-layer AIS-PRS and a three-layer AIS-PRS 
antenna. Each antenna has 80 mm x 80 mm overall dimensions. Initially the single-layer AIS-
PRS antenna is designed consisting of an AIS-PRS array placed at distance h from a ground 
plane with dp=3mm and da=4.4mm. The cavity distance is set at h=3.8mm to obtain an 
optimised performance which is slightly more than λ/6 at 14GHz (3.6mm). This small 
discrepancy between the ray optics analysis and the finite size antenna is due to the fact that 
the former assumes an infinite structure. The dual slot at the ground plane, fed by a microstrip 
line has been used to excite the antenna (Fig. 5.2.1c). The dimensions are as described in 
section 5.1.3. The ground plane and the microstrip line are printed on the same substrate 
(thickness 1.55mm and εr=2.2) as the composite AIS-PRS surfaces. The simulated directivity 
versus frequency is presented in Fig. 5.2.13. A maximum of 17dBi is achieved at 14.25GHz.  
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Fig. 5.2.13 Directivity vs frequency for the single layer AIS-PRS finite size antenna. 
Subsequently, a finite size antenna has been implemented employing the double-layer AIS-
PRS introduced in 5.2.1.2, over the ground plane. The overall lateral dimensions of the 
structure are 80mm x 80mm as in the single AIS-PRS layer antenna, while the cavity 
distances and the dimensions of the periodic elements are those mentioned in the 
corresponding subsection. The profile of the antenna is thus h1+h2 which is about λ/3. The 
simulated directivity of the antenna versus frequency is presented in Fig. 5.2.14. A maximum 
of 17.2dBi is achieved at 14.2GHz. It is interesting to note that two peaks appear in the 
directivity response, corresponding to the resonant modes of the two coupled cavities. It can 
be observed that an improved bandwidth performance is achieved with the proposed double 
AIS-PRS layer configuration compared to the single AIS-PRS layer antenna. A better 
comparison between the two designs is presented in Table I. This performance demonstrates 
that a broadband sub-wavelength profile, highly-directive antenna is feasible through the 
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introduction of extra optimised composite AIS-PRS layers. It should be emphasized that even 
with a profile of less than λ/2, high directivity and broad bandwidth is achieved. 
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Fig. 5.2.14 Directivity vs frequency for the proposed double layer AMC-PRS antenna. 
Finally, based on the periodic analysis of the three AIS-PRS layer structure, a finite size 
antenna has been implemented as shown in Fig. 5.2.1 (a). The antenna has the same overall 
lateral size like the previous two cases. The dimensions of the elements and the cavity 
distances are those mentioned in 5.2.1.3. The total profile of the antenna in this case is h1+h2+ 
h3 which is approximately λ/2. The antenna is fed using the double-slot feeding structure 
which ensures a match covering the antenna’s operation frequency range. The simulated 
directivity response of the antenna is presented in Fig. 5.2.15. A maximum of 16.9dBi is 
achieved at 13.8GHz with a 3dB radiation bandwidth of 10.7%. A fluctuation of less than 2dB 
is observed over the operational bandwidth. The antenna dimensions could be further 
optimised to achieve a more flat directivity response. Comparing the three aforementioned 
antenna designs presented in the figure, it is evident that the three AIS-PRS layer antenna 
achieves a more broadband performance. It can also be observed that three peaks occur in the 
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directivity curve in this case, corresponding to the three resonant modes. A more detailed 
comparison between the three designs in terms of maximum directivity and 3dB bandwidth is 
presented in Table I.  
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Fig. 5.2.15 Directivity vs frequency for the three proposed AMC-PRS antenna configurations.      
TABLE I.   
COMPARISON OF THE THREE AMC-PRS ANTENNA CONFIGURATIONS  
Antenna Design Directivity max 
(dBi) 
Bandwidth 
3dB 
Single-Layer 
AMC-PRS 
17 4.1% 
Double-Layer 
AMC-PRS  
17.2 7% 
Three-Layer 
AMC-PRS  
16.9 10.7% 
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5.2.3 Fabrication and Measurements 
A prototype of the proposed three layer AIS-PRS antenna was fabricated and experiments 
were carried out to measure the antenna’s performance and validate the simulation results. For 
each of the composite AIS-PRS surfaces, an array of 9x9 elements was etched off the copper 
to form the PRS side and an array of 10x10 patches was printed on the other side of a 1.55mm 
thick TLY-5 substrate to form the AIS (Fig. 5.2.16b). The same substrate was used for the 
ground plane comprising the two microstrip line fed slots (Fig. 5.2.16c). A photograph of the 
assembled antenna is shown in Fig. 5.2.16 (a). Plastic spacers have been used to define the air 
cavities between the AIS-PRS surfaces and the ground plane. The measured S11 of the 
fabricated prototype along with the corresponding simulation results are shown in Fig. 5.2.17. 
The fabricated antenna is well matched with S11 below -10dB from 13GHz to 14.5GHz which 
is in good agreement with the simulation result. The simulated and measured realized gain of 
the antenna is presented in Fig. 5.2.18. A maximum gain of 16.3dBi has been measured at 
13.7GHz with a 10.9% 3dB-bandwidth. The simulated and measured H- and E-plane radiation 
patterns are shown in Fig. 5.2.19 for four frequencies across the operational bandwidth of the 
antenna. The small discrepancies between the simulation and measurement results are 
attributed to fabrication tolerances of both the cavity thicknesses and the feeding slots 
dimensions. 
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(a) 
       
(b) 
     
(c) 
Fig. 5.2.16 (a) Photograph of the fabricated three layer AMC-PRS, (b) Both sides of AMC-
PRS and (c) Both sides of the feeding structure. 
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Fig. 5.2.17 Simulated and measured S11 of the proposed antenna. 
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Fig. 5.2.18 Simulated and measured realized gain of the final antenna. 
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F=13.2GHz-H plane
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F=13.2GHz-E plane
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F=13.8GHz-H plane
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F=14.4GHz-H plane
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F=14.5GHz-H plane
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(a)                                                (b) 
Fig. 5.2.19 Simulated and measured radiation patterns for the (a) H-plane and (b) E-plane in 
five frequencies over the operational bandwidth of the antenna. 
5.3 COMPARISON WITH A CONVENTIONAL FABRY-PEROT PRS ANTENNA 
In this section, a comparison of the proposed three layer AIS-PRS antenna with a 
conventional λ/2 profile Fabry-Perot antenna is carried out. The antenna under study consists 
of one layer aperture PRS placed at half wavelength distance in front of a ground plane. It is 
fed using the same feeding technique comprising the microstrip line fed slots. The 
investigated structure has been designed to operate in the same frequency band and achieve 
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the same maximum directivity as the proposed antenna so that a fair comparison can be 
performed. In Fig. 5.3.1, the directivity versus frequency for the two evaluated designs is 
shown. The conventional Fabry-Perot antenna achieves a maximum directivity of 16.8dBi at 
13.7GHz with a 3dB bandwidth of 5.6%. It can be extracted from the figure that the proposed 
three AIS-PRS layer antenna outperforms the single layer antenna in terms of bandwidth 
while keeping the same total profile (λ/2). Moreover, the directivity response of the proposed 
structure shows a faster roll-off.  From Table II, it can be seen that the 2dB radiation 
bandwidth is more than doubled in the case of the proposed antenna compared with the single 
layer PRS antenna. Finally, the radiation patterns at the two edges of the operational 
bandwidth of the single layer antenna are shown in Fig. 5.3.2 for both antennas. As can be 
seen from the figure, a significantly improved sidelobe level is obtained with the proposed 
antenna, especially for the E-plane patterns. More specifically, the sidelobe level for the E-
plane at 13.3GHz is -8dB and -13dB for the conventional antenna and the proposed antenna 
respectively. At 14.1GHz where higher order modes tend to deteriorate the radiation patterns 
of such type leaky wave antennas, the obtained improvement is more evident, with sidelobe 
levels of -3dB and -12dB for the single layer antenna and the three AIS-PRS layer antenna 
respectively.     
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Fig. 5.3.1 Directivity vs frequency comparison between the proposed three layer AMC-PRS 
antenna and the single layer Fabry-Perot antenna.  
TABLE II.   
ANTENNA PERFORMANCE COMPARISON BETWEEN THE SINGLE LAYER FABRY-PEROT ANTENNA 
AND THE PROPOSED THREE LAYER AMC-PRS ANTENNA   
Antenna Profile 
Directivity 
max (dBi) 
Bandwidth (%) 
2dB 3dB 
One Layer λ/2 16.8 4.5 5.6 
Three Layer AMC 
PRS λ/6 
16.9 10.3 10.7 
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   (a)          (b) 
Fig. 5.3.2 Simulated H- and E-plane radiation patterns for single layer Fabry-Perot antenna 
and the proposed three layer AMC-PRS antenna at (a) 13.3GHz and (b) 14.1GHz. 
5.4 BROADBAND NEAR-ZERO METASURFACES 
Over the past years metamaterials have been the subject of extensive study due to their 
extraordinary properties. They offer great flexibility for manipulating their electromagnetic 
and optical properties such as their effective refractive index. Negative-index metamaterials 
have been realised and experimentally demonstrated [6, 7]. More recently, numerous reports 
have appeared for metamaterials with near-zero refractive index (NZI) [8] and epsilon-near-
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zero (ENZ) [9, 10] for visible and infrared wavelengths. Electromagnetic waves inside such 
materials experience no spatial phase change and extremely large phase velocity. These 
properties have led to a number of applications such as cloaking [11-13], super-reflection 
[14], tunnelling [15-17] and funnelling [18].  
Metasurfaces [19, 20] are a 2D implementation of metamaterial structures, typically created 
by arrays of sub-wavelength scatterers. NZI metasurfaces have been employed in conjunction 
with low directive emission sources to achieve directivity enhancement [21-23]. In these 
studies, multiple layers of metasurfaces have been utilized resulting in a bulky profile. The 
design of sub-wavelength profile metasurfaces for directive emission has been also 
investigated [2, 24, 5] exploiting the unique property of Artificial Magnetic Conductor 
(AMC) surfaces to reflect electromagnetic waves with zero phase shift at a specific frequency. 
However, all the aforementioned antenna structures exhibit very narrow bandwidth due to the 
respectively narrowband NZI response.  
In this section, we present a different approach of characterizing the sub-wavelength 
metasurfaces proposed in the previous sections of this chapter with respect to their 
constitutive parameters. As an example, the double-layer metasurfaces introduced in 5.1.1.2 
are analyzed giving a broadband NZI response which is demonstrated experimentally by 
producing broadband directive emission combining the investigated multilayer metasurfaces 
with a single low directivity source. The retrieval parameters are extracted using the reflection 
and transmission characteristics of the metamaterial [25-27], demonstrating the broadband 
ENZ effect. The parameters have been extracted considering both isotropic and anisotropic 
homogeneous material. Introducing a low directive radiating source between a conducting 
plane and the proposed composite metasurfaces, a broadband directional antenna is generated 
which basically consists in the finite size antenna presented in 5.1.2. A validation of the 
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concept is also presented by comparing the radiation patterns of the antenna formed using the 
proposed metasurfaces, with the patterns calculated for a homogeneous material with the 
extracted effective retrieval parameters.   
In Fig. 5.4.1, the structure of the antenna is depicted, with the metamaterial structure placed 
above a conducting plane and a radiating source as explained earlier. It is worth reminding 
here that the metamaterial consists of a combination of two double-layer arrays of scatterers 
with dissimilar subwavelength dimensions printed on either sides of a dielectric sheet and 
separated by an air cavity. Each composite double-layer structure comprises a capacitive and 
an inductive metasurface resulting in a total of four metasurfaces (Fig. 5.4.1). The dimensions 
and separation between the two composite metasurfaces are given in section 5.1.1.2.  
effeff  ,
1h
2h
pid
2/ad
 
Fig. 5.4.1 Schematic diagram of the antenna generated utilizing the two pairs of composite 
metasurfaces. The effective homogeneous metamaterial is also illustrated with the blue 
dashed line, with effective parameters εeff and μeff.  
5.4.1 Retrieval Parameter Extraction for Isotropic Medium 
In order to evaluate the constitutive parameters of the designed metamaterial, we consider 
infinite size metasurfaces with the dimensions and separation described in 5.1.1.2. The 
composed metamaterial structure is modelled using electromagnetic simulation software and 
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the scattering parameters are extracted for normal plane wave incidence as shown in Fig. 5.4.2 
(a). The real part of the reflection coefficient (R) experiences a resonance while both the 
imaginary part of the reflectance and the real part of the transmittance (T) show strong 
modulation. Subsequently, using the analytical expressions described in [25, 26] and in 
Chapter 2.4.1, considering an isotropic metamaterial, the refractive index as well as the 
electric permittivity ε and magnetic permeability μ are calculated. Only the real part of the 
parameters is shown. The permittivity undergoes an inverse spectral variation from 13.2GHz 
to 14.2GHz. The resulting fluctuation in the real permittivity values produces a second zero 
crossing with the values between the two zeros being very small. After this point epsilon 
continues increasing. A similar fluctuating response is observed in the magnetic permeability 
which is approaching zero at 13.5GHz. The combination of epsilon and mu values results in 
the refractive index shown in Fig. 5.4.2 (b). The real part of n has small values within the 
range of 0.5 and 0.8 in the area of interest, i.e. the area where the ENZ effect is obtained. It 
should be pointed out that this effect has been attained by engineering the properties of each 
metasurface and controlling their individual dimensions so that their specific combination will 
provide the presented broadband NZI response.   
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      (c)                                                                (d) 
Fig. 5.4.2 (a) Reflection (R) and transmission (T) coefficients under normal incidence for two 
metasurfaces of dissimilar reflectivities. (b)Refractive index n for the proposed metamaterial 
structure as calculated with the retrieval method for isotropic effective medium. (c) Effective 
electric permittivity and (d) Effective magnetic permeability. 
5.4.2 Retrieval Parameter Extraction for Anisotropic Medium 
The evaluation of the parameters presented in the previous section has been carried out under 
the hypothesis of an isotropic effective medium.  A more accurate characterization of the 
proposed metasurfaces is carried out that takes into account the anisotropy of the proposed 
metamaterial in the x, y, z axes. In order to gauge the constitutive parameters for anisotropic 
materials, the modelled scattering parameters for two different angles of incidence where used 
as explained in [27], to obtain information for all three components of the electric and 
magnetic fields (Fig. 5.4.3). Again, we consider infinite size metasurfaces and the scattering 
parameters are extracted for incident angles of 0o and 40o for both transverse-electric (TE) and 
transverse-magnetic (TM) incident waves. The modified analytical expressions proposed in 
[27] and described in 2.4.2 are then used, and the electric permittivity ε and magnetic 
permeability μ tensors are computed and shown in Fig. 5.4.4. It can be observed, that the 
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obtained response for the three orientations exhibit qualitative similarities to the one of the 
isotropic case. In particular, in the x and y directions the ε and μ are very similar (Fig. 5.4.4a, 
c and b, d), as expected due to the symmetry of the structure in these directions. Once again, 
the permittivity undergoes an inverse variation around 13.8GHz, crossing zero at about 
13GHz and 14.2GHz. This effect is observed for all three dimensions. However, for the z-
axis, which is the one we are mostly interested in as it is the main direction of propagation, εzz 
assumes values closer to zero and for a slightly broader frequency range compared to x and y. 
Particularly, εzz is below 0.4 within the frequency range of interest, while for εxx and εyy the 
local maximum of the real part is 0.6. Additionally, the magnetic permeability experiences a 
fluctuation at the frequencies where ε shows the inverse variation with frequency. 
Specifically, for μzz the values are also close to zero (less than 0.5), while a discontinuity 
occurs above 15GHz which is outside our range of interest. 
The ENZ effect could be extended to cover a broader bandwidth by altering the dimensions of 
the metasurfaces to adequately manipulate their total reflectivity. A reduced total reflectivity 
will result to a higher peak value of ε, leading to a more broadband behavior. On the contrary, 
an increase in the total reflectivity of the metamaterial structure will result in a lower peak 
value and narrower frequency range of ENZ. This property of the proposed metasurfaces can 
be further extended, keeping the same low value of ε, by adding extra layers of properly 
designed metasurfaces. However for the specific example, constrained by two pairs of 
composite metasurfaces, the optimum balance between a close to zero permittivity and 
bandwidth has been reached.     
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      (c)                                                                (d) 
Fig. 5.4.3 (a) Reflection (S11) and (b) transmission (S21) coefficients under 0
o and 40o TE 
incident waves and (c) Reflection (S11) and (d) transmission (S21) coefficients under 0
o and 
40o TM incident waves. 
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Fig. 5.4.4 Effective electric permittivity (a) for the x direction, (c) for the y direction and (e) 
for the z direction of the optimized composite metasurfaces. The respective effective magnetic 
permeabilities are plotted in subfigures (b), (d) and (f). 
5.4.3 Near-Zero Multi-Layer Metasurfaces for High-Gain Antenna 
As an application of the proposed metasurfaces, which exploits the ENZ property, we 
incorporate them with a low directivity source in order to generate a highly directive antenna. 
This is one of the several potential applications of ENZ materials. The structure is shown in 
Fig. 5.4.1 and it consists of the designed metasurfaces placed above a conducting plane and a 
low directive radiating source. Due to the broadband ENZ response, a broad frequency range 
of high directive emission is obtained as demonstrated by the radiation patterns shown in Fig. 
5.4.6 for 13.4GHz and 14GHz. The results were obtained by simulating the whole structure in 
CST. The value of the maximum directivity obtained by the modeled structure is 18.2dB. 
Furthermore, a homogeneous anisotropic material is modeled using the extracted constitutive 
parameter values plotted in Fig. 5.4.4. This effective material has replaced the multi-layer 
metasurfaces, shown in Fig. 5.4.1 with the blue dashed line, and the radiation patterns for this 
case have also been extracted. A comparison between the patterns produced by the proposed 
metasurfaces and the anisotropic effective medium is illustrated in Fig. 5.4.6. The same study 
has been carried out for an isotropic material and the radiation patterns are shown in Fig. 
5.4.5. It is evident that taking into account the anisotropy of the structure, better agreement 
has been obtained.    
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Fig. 5.4.5 Radiation patterns comparison between the proposed structure and homogeneous 
isotropic material for H-plane and E-plane at 13.4GHz and 14GHz.  
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Fig. 5.4.6 Radiation patterns comparison between the proposed structure and homogeneous 
anisotropic material for H-plane and E-plane at 13.4GHz and 14GHz.  
This concept has been experimentally demonstrated since a prototype of the proposed antenna 
has been fabricated and measured with the results presented in 5.1.3. It can be seen from Fig. 
5.1.11 that a broadband performance is obtained employing the investigated metasurfaces. 
Furthermore, the radiation patterns extracted from the model for frequencies between 
13.4GHz and 14.2GHz are presented and compared with the measured ones in Fig. 5.1.12. 
Very small discrepancies are observed, validating the proposed concept. 
5.5 CONCLUSIONS 
In this chapter, a technique for designing sub-wavelength profile antennas achieving 
broadband highly directive performance has been demonstrated through simulated and 
experimental results. This has been accomplished by employing multiple metasurfaces formed 
by optimized double-layer periodic arrays of dissimilar dimensions. Each double-layer array 
consists of a capacitive AMC layer and an inductive PRS layer printed on either side of a 
dielectric substrate. Five sub-wavelength antennas have been investigated based on optimised 
composite double-layer arrays, two with λ/4 separation between the meatasurfaces and three 
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with λ/6. A dual-resonant feeding mechanism was employed to cover the broad bandwidth of 
the antenna. The design of the antenna structures has been optimised using a combination of 
ray optics analysis and periodic full-wave simulations. The proposed antennas outperform 
conventional FP type antennas with the same profile. Finally, a new approach has been 
presented, demonstrating that the proposed composite metamaterial structures posses a 
broadband ENZ response which can be applied for the design of broad frequency range 
directive emission in the microwave regime.  
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CHAPTER 6 
MICROMACHINED TERAHERTZ FABRY-PEROT CAVITY 
ANTENNA 
 
In recent years, there has been increased interest in the design and fabrication of periodic 
surfaces at millimetre-wave and sub-millimetre-wave/THz frequencies for numerous 
applications. Periodic surfaces have been developed as Frequency Selective Surfaces (FSS) 
and employed as demultiplexing elements in passive Earth observation THz radiometers 
traditionally employing a single mechanically scanned aperture antenna [1-5]. FSSs are used 
in the quasi - optical receiver of these advanced instruments to spectrally separate the signals 
that are collected by the scanning antenna [6]. Split slot ring based periodic surfaces have also 
been developed as thin linear to circular polarization converters [7-9]. Other applications of 
THz periodic surfaces include thin absorbers [10] and THz biosensors for chemical and 
biochemical materials [11].  
THz frequencies offer new opportunities for communications, sensing and imaging 
applications [11, 12]. Sensing and imaging systems are required for both medical and security 
applications. For these applications, THz technology offers a lot of benefits due to the high 
resolution linked to the short wavelength at THz frequencies. Moreover, it has the advantage 
of non-ionizing radiation which is harmless for the human tissue, as opposed to X-rays. 
Furthermore, in automotive radar applications [13] such as adaptive cruise control, collision 
avoidance and blind spot detection, there is a trend towards higher frequencies which will 
provide better quality imaging of the scenery in front of the sensor, combining the high 
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resolution with beam-steered high-gain antennas. In addition, since all dimensions decrease as 
the frequency increases, the size of the antenna is miniaturized.   
Such applications require high efficiency and high gain antennas to improve the overall 
system gain and enhance the signal-to-noise-ratio. At THz frequencies, reflector-based 
antennas [12] and horn antennas [14, 15] have been used. Despite their good radiation 
performance, they are bulky, which is an important drawback and furthermore they require 
complex, expensive and time-consuming fabrication techniques (e.g. CNC metal milling) in 
order to achieve the desired tolerances at these frequencies. Lenses have also been reported 
[16] as highly directive antennas for broadside radiation. Lens antennas are fabricated with 
laser silicon etching, which is not cost-efficient, and they normally have a profile of several 
wavelengths which is increased if a higher gain value is desired [17]. Although a profile of 
several wavelengths is not a problem at higher THz frequencies (over 1 THz) it can be 
problematic at the lower end of the THz spectrum (about 300GHz) particularly in the case of 
compact integrated systems. Planar antennas are therefore required for compact integrated 
systems at low THz frequencies [18]. In addition, planar antennas are readily compatible with 
micromachining techniques which lead to low-cost fabrication for mass production. 
Conventional microwave planar antennas employ microstrip patch arrays to achieve high 
gain. Nevertheless, patch arrays are not a viable solution for THz frequencies since they 
exhibit high losses, low efficiency and narrow bandwidth.  
In this chapter, we present the design and implementation of a new type of micromachined 
terahertz planar highly directive antenna based on the FP antenna concept but adjusted to a 
specific micromachining fabrication process.  The periodic surface and antenna are fabricated 
using SU-8 photoresist micromachining technology. A fully metalized micromachined PRS is 
placed at half wavelength distance over a metallic ground and a single waveguide-fed slot 
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(Fig. 6.1). The PRS is supported on a metalised SU-8 polymer ring. A resonant air cavity is 
thus formed with the metallic ground which leads to directive radiation patterns and high gain. 
The antenna, including a waveguide section feeding the resonant cavity, is implemented using 
micromachining fabrication techniques available at the University of Birmingham. SU-8 
photoresist polymer is employed that has the advantages of high dimensional accuracy, high 
achievable structure aspect ratio and a capability of large scale inexpensive production. The 
proposed antenna supports a leaky wave mode within the cavity when excited by a single 
feed. A large radiating aperture is hence formed that produces directive patterns without the 
need for complex feeding network and associated losses. The directive beams can be 
broadside or tilted towards larger angles as it is demonstrated. The micromachining 
fabrication process employed to develop the proposed planar highly directive Fabry-Perot 
cavity antenna at approximately 300GHz is described. Simulations and measurements of the 
antenna performance are presented. 
waveguideslot
supporting ring
aperture PRSground plane
 
Fig. 6.1 Schematic diagram of the proposed antenna. 
6.1 MICROFABRICATION TECHNIQUES AT TERAHERTZ FREQUENCIES 
The demanded accuracy in fabrication techniques for THz frequencies, has led in adopting 
micromachining fabrication processes, since other available techniques such as metal milling 
or electrical discharge machining do not fulfil the dimensional accuracy requirements and 
have been proven to be time-consuming and expensive. Among the variety of reported 
micromachining fabrication techniques [19, 20], the most suitable for mass production are Si 
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deep reactive ion etching (DRIE) which belongs to a greater category called bulk 
micromachining, LIGA based thick layer electroplating and SU-8 photoresist. A quick 
overview of these techniques is given below.     
Bulk micromachining refers to a micromachining process where the structure is formed by 
etching the materials from a bulk substrate, typically a silicon wafer. There are two types of 
etching methods that can be used, wet etching and dry etching. Wet etching is performed 
using a liquid chemical etchant to create a pattern controlled by a mask from the substrate. It 
is a rather simple and cheap technique but it offers poor control of the etch rate and the 
structure’s dimensions. Dry etching on the other hand involves the use of gaseous etchants to 
pattern the substrate material underneath the mask. Deep reactive ion etching (DRIE) is the 
most popular dry etching technique since it is able to produce structures with arbitrarily 
defined features, high aspect ratio, critical dimension control and virtually vertical walls. This 
fabrication method consists at depositing silicon oxide (SiO2) on both sides of the substrate 
wafer, so two layers of SiO2 are created. The top layer is used to create the mask which will 
then be used for etching the substrate material, and the bottom layer is employed as a stop 
layer for the etching. To create the mask, a photoresist layer is used on top of the SiO2 which 
is then patterned and developed. After the etching of the SiO2 layer and the creation of the 
mask, the photoresist is removed and then the silicon substrate is etched. The two SiO2 are 
finally removed from the substrate using a buffered oxide etch solution and the top is 
metallised with titanium and copper. The basic steps of this process are illustrated in Fig. 
6.1.1. The drawbacks of bulk micromachining techniques are that the structure thicknesses are 
restricted by the commercially available silicon wafers and that for high aspect ratio structures 
the metallization of sidewalls is difficult.  
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SiO2
Photoresist
Metal (Ti and Cu)
A) SiO2 on both side of silicon 
wafer, photoresist on the top
B) Patterning of SiO2 to create 
the mask
C) Etching of the silicon 
substrate
D) Release of the SiO2 with 
buffered oxide etch solution
E) Metallization
 
Fig. 6.1.1 Basic steps of the DRIE micromachining fabrication process.  
LIGA process is a German acronym for Lithography, Electroplating, and Molding. The first 
step of the procedure is the coating of the substrate with an X-ray sensitive resist which is 
then patterned and developed. Subsequently, the resulting structure can be used as it is or it 
can be employed to produce a metal mould which is formed by electroplating the initial 
structure. Finally, the mould is utilized to form the final structure from a desired plastic 
material (Fig. 6.1.2). Due to the high penetrating capability of the X-rays, structures of the 
order of millimetres can be produced in a single step with high aspect ratios and almost 
vertical sidewalls. Nevertheless, this process is very expensive, mostly due to the required X-
ray source.   
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X-ray mask
Photoresist (typically PMMA)
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X-rays
A) Exposure to synchrotron 
generated X-rays
B) Development of the photoresist
C) Electroplating with metal-
Part 1
D) Electroplating with metal-
Part 2
E) Release metal mould from 
substrate
F) Injection of plastic in the 
mould
G) Final plastic structure 
 
Fig. 6.1.2 Basic steps of the LIGA micromachining fabrication process.  
6.1.1 In-House Fabrication Process 
SU-8 is a negative epoxy-based photoresist that has been originally developed by the IBM-
Watson Research Centre in 1989 [19, 20]. The thickness of the photoresist ranges from 1μm 
to 2mm with typical aspect ratio possible larger than 1:20.  Due to its low optical absorption 
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in the UV (350-400nm) range, it makes it ideal for imaging near vertical sidewalls in very 
thick films. Therefore, SU-8 enables the use of a cheaper UV-lithography process. The 
general SU-8 fabrication process commonly involves the following steps: spin coat, soft bake, 
exposure under UV radiation, post exposure bake, development, hard bake and substrate 
removal, and metallization, which are described in detail below and illustrated in Fig. 6.1.3. 
Spin coating: In the first step and prior to spin coating, a silicon wafer of 4-inch diameter 
with a desired thickness is chemically cleaned using Isopropyl alcohol (IPA) to remove any 
particulate matter on the surface and is dried with air. Then, the silicon wafer is weighed 
using precision weighing scales.  An amount of SU-8 50 liquid photoresist is poured at the 
centre of the wafer which is placed at the spin coater. Then, the parameters are adjusted in 
order to achieve the desired SU-8 thickness. Due to the high-speed centrifugal whirling of the 
silicon wafer, the resist will cover the whole wafer. The higher the spin speed, the thinner the 
resist layer will be. The resulting wafer will be weighed and the measured weight of the 
silicon substrate will be subtracted. This will result in a systematic calibration method of the 
layer thickness after spin coating. As a rule of thumb, 83μm thickness corresponds to 1gr of 
SU-8.  If the desired thickness is achieved, the wafer has to be cleaned from the back and 
placed on a perfectly levelled hotplate for ½ day for the liquid to be self-planarized. This is 
performed while covering the wafer with a glass taper and foil to prevent light reaching the 
SU-8. 
Soft bake: Soft-baking is the step during which almost all of the solvents are removed from 
the SU-8. At this stage, a precision levelled hotplate is used at two temperature steps. Initially 
the resist is baked at 65oC for 20 minutes, and then at 95oC for 4.5 hours if 432μm thick layers 
are required or 6.5 hours for 635μm thicknesses. It is suggested to increase the temperature 
slowly in order to give a smooth transaction. Generally, the thicker the substrate the longer the 
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baking will be. The purpose of the pre-bake at 65oC is to improve the thickness uniformity of 
the final SU-8 layers. Therefore, during this step it is necessary to occasionally rotate the 
wafer in order to distribute the SU-8 equally. The solvents during this step will be evaporated, 
and self-planarization will be achieved. The soft baking step at 95oC is to dry out the solvent. 
During this step the wafer needs to be partly covered with a glass taper to allow solvent 
evaporation while at the same time protect the resist from dust particles. Finally, the wafer 
should be left for at least 2 hours until it cools down naturally. 
UV exposure: One of the most important steps in the photolithography is the mask 
alignment. A mask is a square glass plate patterned with chromium on one side. As already 
mentioned, SU-8 is a negative photoresist so by projecting UV light onto the mask, the 
pattern is printed to the photoresist, since glass is transparent under UV light while chromium 
is opaque. Exposure to UV light causes the negative SU-8 resist to become polymerized and 
therefore more difficult to dissolve. Exposure time depends on the exposure energy required 
by the desired SU-8 wafer. It was mentioned previously that SU-8 has very low absorption at 
350-400nm which enables multiple exposures for thick layers.  Exposure of the SU-8 is 
carried out by placing the wafer under a mercury lamp UV source of a Canon PLA-510 mask 
aligner. Two filters are used at this stage, the L39 optical filter and the PL360 filter. The 
former is employed to filter out signals with lower than 400nm. The PL360 filter on the other 
hand is used to filter out signals under 360nm. The filtering is performed so that more 
efficient penetration of the UV light is achieved. Multiple exposure steps of 40 seconds are 
used in order to reduce the heat between the mask and the SU-8. Each exposure is followed 
by 2 minutes of ‘rest’, waiting for the surface to cool down. Then, the SU-8 photoresist is 
exposed for another 3 intervals of 40 seconds each, for cross-linking.  
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Post exposure bake: At this step, post exposure bake is carried out in order to produce the 
cross-linked reactions. For this procedure, the wafer is placed again on the hotplate whose 
temperature is carefully controlled in order to minimise stress and thus avoid cracks of the 
SU-8. The post exposure bake is carried out at 65oC for 2 minutes and then at 95oC for 30 
minutes. Again, the wafer should be left for at least 2 hours until it cools down naturally. 
After that, the regions of the sample that are exposed become cross-linked and thus insoluble 
in the developer. 
Development: One of the last steps in the photolithographic process is development. At this 
step the wafer is immersed into EC solvent for 15-25 minutes. Stirring of the developer is 
necessary due to the thick size of the SU-8. Development time and speed are a function of 
temperature, geometry and thickness of the specific substrate. Every 3-5 minutes the wafer 
should be taken out to check if it is developed. When the developed sample is taken out, it is 
rinsed with running EC solvent to clear the possible SU-8 leftovers. Then, IPA is poured onto 
the wafer (both sides) for about a minute which is then blow dried with a Nitrogen gun. At 
this stage, the wafer needs to be inspected using an optical microscope and if it is not 
perfectly developed it should be placed again into the EC solvent for a few minutes. 
Hard bake and substrate removal: Hard bake is the final step of the photolithographic 
process. This step is necessary in order to harden the photoresist. Changes in the SU-8 may 
occur if the operating temperature is higher than previously encountered. Therefore, the wafer 
is placed on the levelled hotplate for approximately 20 minutes at 120oC which will extend its 
operating temperature. Hard baking is also useful to eliminate surface cracks which may 
appear after development. The release is achieved by immersion of the wafer in sodium 
hydroxide (NaOH) solution in a 2lt volumetric flask at elevated temperature of 68oC. After a 
few hours of immersion, the SU-8 pieces will be released from the wafer and will float. After 
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release, the SU-8 pieces are cleaned with running de-ionized water and they are subjected to 
ultrasonic cleaning bath for 10 minutes. Finally, they are blow dried with the Nitrogen gun. 
Metallization: The released SU-8 pieces are then put onto a sample holder of a Cressington 
308 sputtering and evaporation metal coat chamber. The procedure that is involved provides a 
thin adhesive layer (~5nm) of chromium and a 2μm silver coating of the SU-8 pieces. The 
SU-8 pieces are stuck using double sided tape on the sample holder which can be tilted at a 
given angle and can be rotated continuously during the sputtering and evaporation in order to 
achieve good metallization at the sidewalls of the pieces. An evaporation crucible at the 
bottom holds the charge of silver pieces. After pumping out the chamber, a procedure called 
Plasma-cleaning takes place in which Oxygen plasma is used to remove a few nm of the 
pieces’ surfaces and give them a clean surface. Next, chromium sputtered in order to improve 
the adhesion between the silver and SU-8. Finally, the evaporation is carried out, where again 
the sources are heated slowly in a few steps in order to allow smooth silver evaporation. 
When this procedure is completed, the samples are turned over and the process is repeated to 
provide metallization of the other side. At the end of this procedure, the resulting metalized 
pieces are removed from the evaporator, stacked on top of each other and carefully aligned 
using alignment pins and precision screws.  
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Chrome mask
Cross-linked SU-8
Silver
UV exposure
A) SU-8 on silicon wafer, 
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G) Assemble structure by aligning 
and stacking multiple layers
 
Fig. 6.1.3 Basic steps of the SU-8 micromachining fabrication process.  
6.2 DESIGN OF THZ PERIODIC SURFACE 
In this section the design of the proposed periodic PRS is described. Full-wave periodic 
analysis is employed using CST Microwave StudioTM simulation software. Periodic boundary 
conditions are applied to the unit cell of the structure, assuming an infinite size of the periodic 
surface, and reduce the calculations of the complete structure into a single unit cell. The 
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performance of the FPC antennas that are described in later sections has already been 
explained in previous chapters. The analysis described in [21] shows that a high PRS 
reflection coefficient magnitude will result in high antenna directivity and a slow variation of 
the PRS reflection phase with frequency will result in improved antenna bandwidth. Thus, the 
proposed PRS is designed according to the aforementioned requirements. 
A square aperture PRS element has been chosen for the design. The elements are etched in a 
0.432mm thick SU-8 layer which is then silver plated as described later in section 6.4. The 
dimensions of each element are 0.48x0.48mm2 and the periodicity is 0.6mm (Fig. 6.2.1).  The 
thickness of the layer was chosen in order to facilitate the micromachining fabrication process 
while the periodicity and the size of the aperture were selected so that the desired phase 
response was achieved. The simulated reflection coefficient (magnitude and phase) is 
obtained for normal incidence and is shown in Fig. 6.2.1. A slow variation of the phase with 
frequency is observed. High values for the reflection coefficient magnitude are obtained for 
the chosen unit cell dimensions which indicate high antenna directivity.  
 
Fig. 6.2.1 Unit cell dimensions and simulated complex reflection coefficient of the proposed 
PRS. 
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6.3 ANTENNA DESIGN 
Subsequently, based on the unit cell analysis that has been performed, a Fabry-Perot type 
antenna is designed formed by the proposed PRS array placed at half wavelength distance 
over a ground plane. An H-plane waveguide bend used for the interconnection between the 
antenna and the feeding waveguide is also described. The antenna performance is being 
studied including and excluding two supportive brass plates that hold all the layers together. 
Finally the simulated input matching and radiation performance for the proposed design are 
presented. 
The H-plane bend is shown as an inset in Fig. 6.3.1. The bend is designed in order to provide 
a direct and accurate connection interface with the standard waveguide [22]. It is composed of 
two back-to-back bends and a straight waveguide section. One end of the bend is connected to 
the antenna and the other end directly to the waveguide flange. In total it was initially formed 
by four micromachined layers each of which contains holes to allow precision alignment pins 
and screws of the waveguide flange to pass through. The dimensions of the holes match the 
ones of the flange. The length of the straight section is 13.55mm, and has been chosen in 
order to permit fair separation between the flange and the antenna. This ensures that the pins 
and screws are not blocked from the other side and do not interfere with the antenna. The 
simulated response of the bend is given in Fig. 6.3.1. A broadband match is achieved with a 
return loss of at least -20dB over a frequency range from 220GHz to 330GHz. 
The complete antenna structure comprises six metalized SU-8 layers and two brass plates 
placed on the top and bottom to support and hold the structure together (Fig. 6.3.2). Starting 
from the bottom, layers 1 to 3 form the waveguide bend described above, and layers 4 to 6 
form the FPC antenna. When incorporating the antenna and the waveguide bend, the fourth 
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layer of the H-plane bend was removed in order to simplify the fabrication procedure and 
reduce the losses, since this change did not significantly affect the response. 
13.5
5mm
 
Fig. 6.3.1 Illustration of 4-layer H-plane waveguide bend and simulated S-parameters of H-
plane waveguide bend. 
 
(a) 
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(c) 
Fig. 6.3.2 Diagrams of the assembled antenna. (a) Cross section and (b) perspective of the 
structure (The blue part represents the hollow space and the surrounding conductors were 
made transparent to offer a clearer view). (c) Complete structure including brass plates and 
holes for alignment pins and screws. 
A top view of all three layers forming the bend is shown in Fig. 6.3.3 (a), showing the area of 
interest and excluding the holes for the alignment pins and screws. In the same figure, the 
other three layers of the structure are shown which form the FPC structure. Five of the six 
layers have the same thickness, equal to 0.432mm to simplify the fabrication. However, due 
to restrictions to be explained in section 6.4, the thickness of the ground plane was reduced to 
the minimum available thickness which is 0.288mm. The antenna’s design is based on the 
creation of Fabry-Perot type resonant cavity as mentioned in the introduction. It is formed of a 
slotted ground plane (layer 4), a supporting ring that defines the air cavity thickness (layer 5) 
and the PRS (layer 6). The values of the parameters shown in the Fig. 6.3.3 (a) are given in 
Table I.   
The two brass plates used to support the structure are shown in Fig. 6.3.3 (b). The holes have 
different diameters corresponding to the diameter of the screws used for clamping the 
structure and the pins that assure the alignment of the antenna’s layers and waveguide flange. 
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A rectangular aperture is etched for the radiation side, large enough so that it will not interfere 
with the performance of the antenna. From the feeding side, a circular aperture is made to fit 
the SU-8 device to the waveguide flange. The brass plates have a thickness of 3mm in order 
to make the whole structure rigid. The rest of the dimensions are also given in Table I. It is 
important to note that the brass plates are only used to clamp the SU-8 layers together and 
strengthen the structure and form no part in the alignment of the layers or waveguide flange.  
As explained in the beginning of this section, the antenna has been formed using the 
optimized aperture PRS layer studied in 6.2, placed on top of the supporting layer in front of 
the ground plane. An air cavity is thus created of approximately half wavelength at 300GHz 
(0.432mm). The slot in the ground plane fed from the waveguide bend is used as a single 
feeder of the antenna. The dimensions of the slot in the ground plane were selected such that a 
good matching in the frequency range of interest is achieved. For the PRS, a total of 13x13 
array elements are etched into the SU-8 layer, whose total length corresponds to about 8λ at 
300GHz. Although it is a finite size structure, it is electrically large enough for the edge 
effects to be negligible in the calculation of the reflection coefficient. Moreover the distance 
of the supporting walls from the end of the PRS array is about 4λ. This was carefully studied 
by simulation to ensure that the antenna performance and the radiation patterns are not 
deteriorated.  
The complete structure of the proposed antenna has been simulated in CST Microwave Studio 
and the obtained directivity and gain are presented in Fig. 6.3.4. A maximum directivity of 
22.8dBi has been achieved at 283.8GHz with a 3dB radiation bandwidth of approximately 
4.5GHz. The return loss is also shown in Fig. 6.3.4 with a minimum of around -20dB at 
281.8GHz, whereas at the central frequency, 284GHz, |S11| is -7.5dB. This performance could 
not be further optimized due to the fabrication limitations in terms of the minimum dimension 
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of the feeding slot. Thinner feeding slots have produced S11 values below -15dB. Moreover, 
less reflective arrays could give better performance in terms of matching, but a lower 
directivity would be obtained. The impedance mismatch and material losses give a deviation 
of 1.5dB between directivity and gain at the central frequency. 
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Fig. 6.3.3.  (a) Illustration of the 6 layers forming the complete antenna structure (top view), 
white colour represents the air and grey the silver, (b) Top and bottom brass plate layers.  
The effect of the brass plates in the antenna’s performance has also been evaluated. A 
comparison of the directivity and realized gain for the structure including and excluding the 
brass plates is shown in Fig. 6.3.5. It can be observed that the directivity is increased by 0.3dB 
for the complete structure, while the gain drops by 0.2dB at the central frequency. Also, a 
small frequency shift towards higher frequencies is observed for the structure without the 
brass plates. Finally, an efficiency comparison was carried out in simulations. Both total and 
radiated efficiency are similar with and without the brass plates. At the central frequency, a 
radiation efficiency of 85% is observed for the complete structure while an 88% is obtained 
without the brass plates. 
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TABLE I 
ANTENNA DESIGN DIMENSIONS FROM FIG. 6.3.3 
Parameter α x y D wx wy 
Value (mm) 13 46 24 19.05 0.8636 0.4318 
Parameter b s1 s2 l La 
Value (mm) 15.4 0.5 0.09 11.8 7.68 
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Fig. 6.3.4 Simulated directivity, realized gain and return loss of the proposed antenna. 
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Fig. 6.3.5 Directivity and realized gain comparison between complete structure and antenna 
without brass plates. 
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(c) 
Fig. 6.3.6 Simulated H- and E-plane radiation patterns for: (a) 281GHz, (b) 283GHz and (c) 
285GHz. 
In Fig. 6.3.6 the H-plane and E-plane radiation patterns are shown for three frequencies over 
the operating band. Broadside directive beams are observed with a side lobe level below -
20dB at the lower and central frequency whereas at the upper edge the beam becomes 
narrower with slightly higher sidelobes due to the frequency scanning and beam splitting 
effect which is typical in leaky-wave type antennas. This becomes more obvious at higher 
frequencies, were a split beam is obtained and the maximum radiation angle increases with 
frequency; this again is typical for leaky-wave antennas and could be useful in certain 
applications requiring multi-beam and beam scanning designs. This effect is investigated in 
section 6.3.2.  
6.3.1 Multiple Slots for Broadband Matching  
An endeavour to improve the matching performance of the proposed antenna has been carried 
out and is presented in this section. It consists in employing multiple slots etched off the 
ground plane instead of one. Namely, three parallel rectangular slots of the same size were 
used. The dimensions of each slot are sx=0.92mm and sy=0.05mm (Fig. 6.3.7). while the 
distance between the adjacent slots is sd=0.1mm. These dimensions and spacing of the slots 
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were selected after investigations in order to obtain the optimum matching performance. As it 
can be seen from Fig. 6.3.8, in the case of three feeding slots, the S11 is significantly improved 
and thus so is the gain. 
sx
sy sd
 
Fig. 6.3.7 Illustration of the three feeding slots (top view). 
 
Fig. 6.3.8 Comparison of simulated directivity, realized gain and S11 for one and three feeding 
slots. 
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6.3.2 Beam-Steering Application 
Based on the beam-splitting effect that has been observed in the proposed antenna for higher 
frequencies it can be deduced that, if a straightforward change in the position of the feeding 
slot towards one side of the antenna is performed, a single beam radiation pattern is obtained. 
To validate this concept, three slot positions were considered as shown in Fig. 6.3.9 (a). The 
simulated S11 for all the cases is presented in Fig. 6.3.9 (b), showing a good matching between 
around 294GHz and 305GHz, revealing a second possible operational band of the proposed 
antenna. The corresponding radiation patterns for operation at 302GHz are shown in Fig. 
6.3.10. It can be observed that for position 1 (Fig. 6.3.10a) there are two beams at -40o and 
+40o. As the slot is moved towards one edge of the antenna, one of the two beams is 
suppressed, as expected, resulting in a single beam at 32o with good side lobe level for 
position 3 (Fig. 6.3.10c). Furthermore, an angle scan of 12o with frequency is obtained within 
the frequency band where good matching is observed.  
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            (a)                                                             (b) 
Fig. 6.3.9 (a) Illustration of the three feeding slot positions (top view), (b) Simulated S11 for 
three slot positions. 
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(c) 
Fig. 6.3.10 Simulated H-plane radiation patterns at 302GHz for: (a) position 1, (b) position 2, 
and (c) position 3 (from Fig. 6.3.9). 
6.4 FABRICATION 
The proposed antenna described in the previous section has been fabricated using the in-house 
microfabrication process based on SU-8. The antenna has been designed using a square 
aperture PRS in a silver plated SU-8 layer. SU-8 is a UV-sensitive photoresist and able to 
form structures of high aspect ratio [23, 24]. The required accuracy at such high frequencies 
imposes the use of micromachining fabrication techniques so SU-8 is chosen as a suitable 
solution for this technique. A simple process is involved which can be exploited for volume 
production. Furthermore, the losses in silver plated SU-8 waveguiding structures are similar 
to those in solid metal structures and the cost of the material is low [24]. 
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          (a)                                                                        (b) 
  
                                 (c)                                                                                  (d) 
 
(e) 
Fig. 6.4.1 Photographs of the fabrication process steps in the clean room. (a) SU-8 deposition, 
(b) spin coating, (c) soft baking, (d) UV exposure, and (e) development.    
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As mentioned in section 6.3, the designed antenna consists of 6 layers (Fig. 6.3.3a) and each 
layer was originally designed to be 432µm thick. However, in order to achieve better 
metallization inside the narrow waveguide slot, layer 3 was reduced to 288µm, to allow the 
silver to be coated thoroughly over all the sidewalls. All the layers were fabricated through an 
ultra-thick SU-8 photo-resist based micromachining process. First, SU-8 50 photo-resist was 
deposited (Fig. 6.4.1a) and spin coated (Fig. 6.4.1b) on a 100mm silicon wafer and the edge 
bead was removed immediately. For the layers with different thickness, the amount of the SU-
8 disposed on wafer and spin coating parameters were adjusted to achieve the desired 
thickness. Then, the wafer rested on a carefully levelled stage for few hours to allow the 
liquid resist to be self-planarized. This step is critical to harvest a smooth and uniform surface. 
After that, the wafer was baked at 65oC and 95oC subsequently (Fig. 6.4.1c) and thereafter 
patterned with the designed mask in a Cannon PLA-501 mask aligner (Fig. 6.4.1d). For the 
288μm layer the baking time was 30min at 65oC and 2 hours and 40min at 95oC. For the 
432µm layers the baking time was 30min and 4 hours and 30min at 65oC and 95oC 
respectively. Post exposure bake was conducted at 70oC, which was lower than the previous 
bake, to reduce the thermal stress accumulated in the thick SU-8 layer. The pieces were 
developed in EC solvent (Fig. 6.4.1e) and released from the silicon wafer using KOH 
solution. Finally, the SU-8 pieces were metalized with 2μm thick silver in a Cressington 308R 
vacuum evaporator (Fig. 6.4.2a, b). The previous steps take place in a Clean room 
environment while the release of the SU-8 pieces from the wafer and the metallization are 
carried out at the process room.  
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(c) 
Fig. 6.4.2 Photographs of the fabrication process steps in the process room. (a) SU-8 pieces 
secured on the sample holder of the evaporator, (b) Cressington 308R vacuum evaporator, (c) 
silver-coated SU-8 layers of the proposed structure. 
Finally, the antenna was assembled by stacking the six silver-coated SU-8 layers shown in 
Fig. 6.4.2 (c) and clamping between two brass plates, as illustrated in Fig. 6.3.2 (b). A careful 
alignment of the layers had been carried out using two metallic pins with precise diameter 
which also acted as the dowel pins to fit into the standard waveguide flange. A photo of the 
assembled circuit is shown in Fig. 6.4.3. 
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Fig. 6.4.3 Photograph of fabricated antenna comprising six layers of metallised SU-8 and 
brass plates.  
6.5 MEASUREMENTS 
In this section measurements of the fabricated prototype are presented. Initial measurements 
demonstrated that the operation of the antenna was shifted to a lower frequency than the 
expected one shown in Section 6.3. This fact suggested that some of the dimensions of the 
fabricated antenna did not match the proposed design due to fabrication inaccuracies. An error 
of up to ±20μm can be expected with the employed fabrication procedure, which has a 
significant effect in this frequency band. Another factor that could have contributed in this 
altered behaviour is the possible imperfect flatness of the SU-8 layers, and in particular the 
top radiating PRS layer. Based on the above, the antenna was simulated again in an effort to 
achieve better agreement with measurements and hence account for the altered fabricated 
dimensions.  
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Only two parameters were changed for this ‘redesigned’ antenna. The parameter that most 
significantly affects the antenna’s operating frequency is the thickness of layer 5 which 
defines the height of the air cavity. This was increased by 30μm. It is worth noting that the 
30μm added to the cavity height can be attributed partly to the fabrication tolerance in the 
thickness of layer 5 and partly to the slight curvature of layers 5 and 6. The new value of the 
cavity height is 462μm. Also, the aperture size of the PRS was increased by 20μm so the new 
value of d is 500μm.  
In Fig. 6.5.1, the simulated realized gain and S11 is presented for the new structure. The 
maximum broadside gain is now shifted to 267GHz with a value of 19.1dBi. The matching 
has deteriorated, achieving only around -2dB within the operating bandwidth. However, at 
higher frequencies where the beam splitting effect is observed, good matching is obtained 
from 294GHz to 305GHz. The maximum gain at this frequency band is 13.4dBi. However for 
a single beam operation with the feeding slot at one edge of the ground plane as described in 
section 6.3.2, the maximum gain has been calculated to be 15.9dBi which is expected since 
the radiated power is almost doubled.  
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Fig. 6.5.1 Simulated realized gain and S11 of the redesigned antenna. 
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The S-parameters were measured using an Agilent N5250A network analyzer with OML WR-
3 extension head. The measurements were subject to a Short-Offset-Load-Offset-Load 
(SOLOL) calibration. The radiation patterns were measured in an automated anechoic 
chamber of 60x60x90cm3 dimensions available at the Rutherford Appleton Laboratory, 
Didcot, UK. A WR-2.8 corrugated feed horn was used as a receiver placed at a distance of 
22cm from the antenna under test as shown from the photograph in Fig. 6.5.2. The patterns 
were measured only at a small number of frequencies in order to validate the simulation 
predictions. At each frequency a dynamic range of more than 40dB was achieved for the 
patterns measurement. The angular coverage of the measurement was limited from the 
dimensions of the chamber to -50o and 50o with a step of 0.5 degrees. Only H-plane patterns 
were measured. 
DUT
Horn 
Antenna
 
Fig. 6.5.2 Photograph of the measurement set up in the anechoic chamber. 
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In order to validate the performance of the waveguide-fed slot in the ground plane (layer 4), 
comparison was made of the simulated and measured S11 for the device after removal of 
layers 5 and 6, as shown in Fig. 6.5.3. The good agreement between simulation and 
measurements (less than 2% frequency shift) indicates that the dimensions of the coupling 
slot were only slightly altered from the designed values. 
The measured S11 response of the complete antenna structure in comparison with the 
simulated one for the original and the redesigned antenna is depicted in Fig. 6.5.4. There is a 
good agreement between the measured and the simulated response of the redesigned antenna. 
For frequencies around 267GHz, where the antenna is expected to operate, there is a 
discrepancy of about 1dB which is attributed to losses. 
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Fig. 6.5.3 Measured S11 in comparison with simulation of ground plane with a slot. 
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Fig. 6.5.4 Measured S11 in comparison with simulation of proposed and redesigned antenna.   
In Fig. 6.5.5 the normalized measured H-plane patterns are shown for four different 
frequencies. It can be observed that there is a very good agreement with the simulations. 
Nevertheless, a consistent asymmetry is evident at the measured patterns, which is not present 
in the simulation. This is attributed to unwanted reflections at the relatively bulky positioning 
structure that was supporting the antenna in the measurements set-up. The patterns were 
measured for a small number of frequencies due to allocated time limitations. Also, at the 
time of the radiation pattern measurements we lacked the exact information about the 
dimensional discrepancies of the fabricated antenna, which as explained above led us to the 
redesigned antenna simulation model. However, a good directive pattern was obtained at 
268GHz, i.e. very close to the central frequency of maximum broadside gain. The slightly 
distorted main beam is typical of this type of leaky-wave FPC antennas when operated above 
the central frequency as explained in section 6.3. It is interesting to note that in the 
frequencies where the split beam is observed, i.e. around 302GHz, the antenna is well 
matched (Fig. 6.5.4). This means that it could be used for beam scanning applications 
applying the change in the position of the feeding slot as proposed in 6.3.2. 
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(d) 
Fig. 6.5.5 Simulated and measured H-plane radiation patterns for: (a) 268GHz, (b) 270GHz, 
(c) 272GHz and (d) 302GHz. 
Finally, the factors that could contribute to the losses of the fabricated antenna have been 
investigated. Firstly, a reduced conductivity of the silver caused by the imperfection of the 
metal coating will lead to losses. More specifically, for a surface roughness of 200nm, 51% 
reduction of the conductivity has been calculated leading to a total loss of 0.25 dB [23]. 
However, in order to account for an extreme case scenario, assuming 1% silver conductivity 
for a 15.4-mm-long waveguide wall a loss of 3.5 dB is estimated, while another 4.5 dB is 
attributed to the 11.8 x 11.8 mm2 metallic walls supporting the PRS layer [22, 23]. Reduced 
silver conductivity is more likely at the corners of the square apertures and the feeding slot.  
Furthermore, the presence of even tiny air gaps between SU-8 layers will result in significant 
power dissipation at these frequencies and hence will contribute to the total losses of the 
structure. In order to achieve a better performance in terms of losses, a newly developed 
fabrication technique producing fully cross-linked metalized SU-8 layers [24] is currently 
being developed. 
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6.6 BROADBAND FABRY-PEROT TERAHERTZ ANTENNA 
The Fabry-Perot type antenna that has been presented in this Chapter is based on a single 
layer highly reflective PRS and as such it possesses a narrow bandwidth. This issue could be 
addressed introducing a second PRS layer employing the technique described in Chapter 3. 
Therefore, the unit cell of the double layer PRS is initially analyzed applying periodic 
boundary conditions. The unit cell dimensions of the PRS are d1=0.37mm and d2=0.48mm for 
the first and the second layer respectively with a periodicity p of 0.6mm for both layers (Fig. 
6.6.1). From the extracted reflection coefficients shown in Fig. 6.6.2, high reflection 
magnitude values and a reflection phase increase are observed around 294GHz. This indicates 
a broadband antenna operation when the proposed double layer PRS is employed above a 
ground plane.  
waveguideslot
PRS1
PRS2
 
Fig. 6.6.1 Cross section of the proposed multilayer design. 
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Fig. 6.6.2 Unit cell simulated complex reflection coefficient of the proposed double layer 
PRS. 
Subsequently, the finite size antenna structure shown in Fig. 6.6.1 is designed and described 
here. It comprises a ground plane, two supporting rings and two PRS aperture arrays. Each 
PRS slot array consists of 13x13 square elements. A waveguide-fed slot is used in the ground 
plane. The size of the coupling aperture is 0.51mm x 0.08mm. These dimensions were 
selected such that a good matching in the frequency range of interest is achieved. The overall 
dimensions of the antenna are 15mm x 15mm. The first cavity is 0.476mm which is the 
thickness of the supporting ring, while the second is 0.382mm.  
A maximum directivity of about 23dBi has been achieved at 289GHz as shown in Figure 
6.6.3. The 3dB radiation bandwidth is 3.7%. In the same graph the directivity response of a 
single PRS layer antenna designed to operate in the same frequency band is also depicted for 
comparison. It can be observed that the proposed double layer antenna is significantly more 
broadband. A more detailed comparison of the two antennas is presented on Table II. Finally, 
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in Figure 6.6.4, the H-plane and E-plane are shown for the central frequency and the 
frequencies at the two edges of the operating band. Good suppression of the side lobes is 
observed with a side lobe level below -20dB at the lower and central frequency whereas at the 
upper edge a beam splitting effect is again observed.  
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Fig. 6.6.3 Comparison of the simulated directivity between the single and the double layer 
antenna. 
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f=293GHz
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f=297GHz
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Fig. 6.6.4 Simulated radiation patterns of the proposed double layer antenna at frequencies 
over the operating bandwidth. 
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TABLE II 
ANTENNAS CHARACTERISTICS COMPARISON 
Design 
Maximum 
Directivity 
(dBi) 
-3dB Bandwidth 
(%) 
Directivity – 
Bandwidth 
Product 
Single-
layer 
22.1 1.6 0.35 
Double-
layer 
22.7 3.7 0.84 
 
6.7 CONCLUSIONS 
A micromachined periodic surface based antenna has been proposed operating at low THz 
frequencies. An initial design for broadside operation at 284GHz is presented. Moreover, at 
higher frequencies a split beam is obtained and a beam scanning application is proposed by 
changing the position of the feeding slot leading to a single beam operation. A prototype is 
fabricated and experimentally tested validating the simulations. The frequency shift compared 
to the original design is attributed to inaccuracies of the fabrication process which have a 
significant effect in this frequency band. Moreover, alternative designs have been investigated 
for matching improvement employing multiple feeding slots, for beam scanning applications 
changing the feeding slot position and for more broadband performance employing two PRS 
layers.    
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 
 
High-gain planar antennas have been extensively investigated thus far since they are required 
for various applications in communication, sensing and imaging systems, as briefly described 
in Chapter 1. The scope of this PhD dissertation has been to investigate and propose novel 
highly-directive Fabry-Perot type antennas with significantly enhanced bandwidth 
performance based on periodic metasurfaces. Various topologies have been proposed based 
on multiple layer periodic surfaces and metasurfaces, forming FP type antennas achieving the 
desired broadband high-directive operation at millimetre and sub-millimetre wave 
frequencies. Moreover, different analysis tools have been employed, which are introduced in 
Chapter 2, to efficiently design the proposed structures, while some newly developed tools 
have been presented throughout this thesis.  
In Chapter 3, multi-layer FP antennas using PRSs of dissimilar elements separated by half 
wavelength air cavities from the ground plane and from each other have been presented. The 
antennas have been designed to achieve broadband highly-directive response outperforming 
earlier designs based on double-layer topologies. Two prototypes have been fabricated and 
measured comprising different feeding techniques and the obtained simulated and measured 
results have proven the validity of the concept. Consequently, the work carried out in this 
chapter has led to the generalization of the directivity-bandwidth product enhancement 
concept by adding appropriately designed PRS layers in FP type antennas.  
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In Chapter 4, the limitations of the technique described in Chapter 3 have been evaluated 
through studying the dispersion characteristics of the modes supported in multi-layer FP 
LWAs. The extraction of the complex propagation constant for the leaky modes has been 
achieved by a new technique developed in the framework of this PhD. A validation of the 
dispersion analysis has also been presented by comparing the radiation patterns at different 
frequencies as extracted through full wave simulations and employing the array factor 
approach using the extracted values of α and β. The achieved agreement has demonstrated 
that the performed analysis provides a full interpretation of the operation of multi-layer Fabry-
Perot LWAs.      
Thus far, the implementation of multi-layer FP antennas has dealt with the inherent narrow 
band performance of FP antennas but at the expense of increasing the antenna profile. 
Consequently, the next step has been to achieve improved bandwidth performance while 
keeping a low antenna profile. This has been carried out in Chapter 5, where a new concept of 
designing sub-wavelength profile multi-layer FP antennas by replacing the conventional PRSs 
with optimized composite metasurfaces has been demonstrated. Various antennas have been 
implemented of which two have been fabricated and measured validating the concept and 
outperforming previous designs of the same profile.  
Finally, in Chapter 6, a report of FP antenna operating at sub-millimetre wave frequencies has 
been presented. The novelty of this work stems from the fact that this is the first design and 
implementation of a FP antenna based on micromachined fully metalized SU8 at around 
300GHz. An in-house fabrication process has been employed imposing several design 
considerations which make this antenna different to the lower frequency prototypes reported 
in the literature. This work offers an interesting new solution for planar high-gain low cost 
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antennas for such high frequencies. A prototype has been fabricated and experimentally tested 
validating the simulations.  
Future development of this work could be to investigate alternative designs achieving more 
broadband operation while at the same time making the antenna less sensitive to fabrication 
inaccuracies. High precision spacers could be used by bonding and sealing the gap between 
the PRS and the ground plane compensating the tolerances from the micromachining process.  
High gain and broadband FP antennas using a simple source could be implemented 
employing the multi-layer technique presented throughout this thesis. However, further 
increase of the antenna’s gain could also be achieved by the incorporation of a waveguide slot 
array as a primary feed of a FP antenna. This could lead to a low cost and low fabrication 
complexity high gain antenna since the structure will be based on a micromachining process. 
Moreover, tuning techniques for such type antennas suitable for THz frequencies could be the 
subject of future investigation. The research presented in this thesis paves the way for the 
development of new class THz antennas with low losses and electronically reconfigurable 
radiation patterns if integrated with a suitable reconfiguration technique. Piezoelectric 
actuators could be integrated to displace one of the surfaces and alter the resonance condition 
controlling thus the pointing angle of the antenna’s radiation beam for a fixed frequency. 
Moreover, another technique to achieve beam scanning could be employed using an array of 
photomixers as the antenna’s source. The array would be controlled such that only one 
element would radiate at a time, resulting in a virtual change of the feeding position which in 
turn will produce a beam at a different angle. 
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